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INTRODUCTION 
Lung cancer is the leading cause of cancer-related death in both men and women in the United 
States. Chemotherapy has reached its limit in improving the survival of lung cancer patients. 
Therefore, a different strategy must be waged in the battle against lung cancer. Targeted 
therapy, a newly emerged therapeutic approach in lung cancer, has succeeded in some cancer 
types and demonstrated its initial success in the treatment of lung cancer when a class of 
targeted agents termed epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors, 
such as gefitinib and erlotinib, improved tumor response rates in patients with advanced non-
small cell lung cancer (NSCLC), which was strongly correlated to the presence of EGFR 
mutations in the tumors (Cappuzzo and Hirsch et al., 2004; Cappuzzo and Magrini et al., 2004; 
Gatzemeier et al ., 2004; Herbst and Giaccone et al ., 2004; Herbst and Prager et al., 2004; 
Herbst and Sandler et al., 2004; Lynch et al., 2004; Kobayashi et al., 2005; Miller et al., 2004; 
Pao et al., 2004; Paez et al., 2004; Shepherd et al., 2004; Shigematsu et al., 2005). This has for 
the first time demonstrated the i mportance of s electing patients for individualized targeted 
therapy in NSCLC.  
 
The Program BATTLE (Biomarker-integrated Approaches of Targeted Therapy for Lung 
Cancer Elimination) seeks to establish individualized targeted therapy by prospectively 
examining patients’ tumor biomarker profiles and as signing them to c orresponding targeted 
therapies with the expectation to yield a better clinical outcome. This novel approach will be a 
proof-of-principle experiment to tes t the benefi t of m olecular-based individualized targeted 
therapy for lung cancer patients. Specifically, the objectives of the BATTLE program are: 
 
1) To establish a c linical trial program using biomarkers to s elect individualized targeted 

therapy for patients with chemorefractory advanced NSCLC through the implementation of 
molecular classification based on th e status of specific targeted biomarkers and adaptive 
randomization via hierarchical Bayes modeling. 

2) To study the molecular mechanisms of r esponse and r esistance to tar geted agents to 
discover new signaling pathways for test in future trials. 

3) To identify molecular features in tumor tissues to c orrelate with tumor response or 
resistance, and identify serum biomarkers as surrogates. 

4) To investigate other targeted agents in combination to overcome the resistance due to novel 
signaling pathways (e.g., mTOR and PI3K/Akt) and improve treatment efficacy.  

 
BATTLE is composed of four  Specific Aims with four phase II c linical trials and an umbrella 
protocol in Aim 1, six research projects in Aims 2 - 4, and two potential phase I trials in Aim 4. 
Here, we present our scientific progress of the BATTLE program for in this fourth and fi nal 
funded grant year. 
 
 
PROGRESS REPORT 

Aim 1 To establish a clinical trial program using biomarker assessment to select 
individualized targeted therapy for previously treated chemorefractory 
advanced NSCLC patients.   

 
(PI, Co-PIs, and Investigators: Drs. Waun Ki Hong, Roy Herbst, Edward S. Kim, George 
Blumenschein, Anne Tsao, Hai Tran, Marshall Hicks, Rodolfo Morice, Bruce Johnson)  
 
Specific Aim 1 has five clinical trials: one umbrella trial and four Phase II open-label trials. After 
screening, eligible patients are enrolled in the umbrella trial, and tumor biopsies are taken for 
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biomarker analysis conducted by the 
Biomarker Core. (For details, please see 
the Biomarker Core section of this report.) 
Biomarker results are analyzed by the 
Biostatistics and Data Management Core. 
(For details, please see the Biostatistics 
and Data Management Core section of 
this report.) There are two components of 
this study: 1) an equal randomization 
phase, where patients are randomized 
equally to the four trials after biomarker 
analysis; and 2) an adapti ve 
randomization phase, where patients are 
enrolled to one of the four clinical trials 
based on their tumor biomarker 
characteristics. The four Phase II c linical 
trials are presented in the four sub-aims of 
Aim 1 described below and depicted in 
Figure 1. An update i s provided following 
the list of subaims. 
 
    
Aim 1.1 To conduct a clinical trial with erlotinib in patients with previously treated 

advanced NSCLC whose tumors have EGFR mutations and / or 
overrepresentation. 

 
Primary objective is to determine the 8-week progression-free survival (PFS) rate of patients 
with previously treated advanced NSCLC whose tumors have EGFR mutations and / o r 
overrepresentation who are treated with erlotinib. 
 
Secondary objectives are to 1) determine the overall survival rate, response rate, and toxicity 
profiles of patients with advanced NSCLC whose tumors have EGFR mutations and /  or 
overrepresentation and treated with erlotinib, 2) determine the plasma and (if available) tumor 
tissue concentrations of erlotinib and their correlation with response and tox icity by using 
pharmacokinetics and pharmacodynamic modeling. 
 
Aim 1.2 To conduct a clinical trial with ZD6474 in patients with previously treated 

advanced NSCLC whose tumors have increased VEGF and / or VEGFR-2. 
 
Primary objective is to determine the 8 -week PFS rate in patients with previously treated 
advanced NSCLC whose tumors have increased VEGF and / or VEGFR-2 who are treated with 
ZD6474. 
 
Secondary objectives are to 1) determine the overall survival rate, response rates, and toxicity 
profiles of patients with advanced NSCLC whose tumors express increased VEGF and / or 
VEGFR-2 and treated with ZD6474, and 2) determine the plasma and (if available) tumor tissue 
levels of ZD6474 and their correlations with response and toxicity by using pharmacokinetics 
and pharmacodynamic modeling. 
 

Figure 1. Overall Schema for BATTLE Trials. 
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Aim 1.3 To conduct a clinical trial with the combination of bexarotene and erlotinib 
trial in patients with previously treated advanced NSCLC whose tumors 
have expressed RXRs and / or increased cyclin D1. 

 
Primary objective is to determine the 8-week PFS rate in patients with previously treated 
advanced NSCLC whose tumors have expressed RXRs and / or  increased cyclin D1 who are 
treated with the combination of Bexarotene and Erlotinib. 
 
Secondary objectives are to 1) determine the overall survival rate, response rate, and toxicity 
profiles of patients with advanced NSCLC whose tumors have expressed RXRs and / or  
increased cyclin D1 and treated with the combination of bexarotene and erlotinib, 2) determine 
the plasma and (if available) tumor tissue concentrations of bexarotene and erlotinib and their 
correlation with response and toxicity by using pharmacokinetics and pharmacodynamic 
modeling. 
 
Aim 1.4 To conduct a clinical trial with sorafenib trial in patients with previously 

treated advanced NSCLC whose tumors have mutated K-ras and / or B-raf. 
  
Primary objective is to determine the 8 -week PFS rate in patients with previously treated 
advanced NSCLC whose tumors have mutant K-ras and / or  B-raf who are treated with 
sorafenib. 
 
Secondary objectives are to 1) determine the overall survival rate, response rate, and toxicity 
profiles of patients with advanced NSCLC whose tumors have mutated K-ras and / or B-raf and 
treated with sorafenib, 2) determine the plasma and (if available) tumor tissue concentrations of 
sorafenib and their correlation with response and toxicity by using pharmacokinetics and 
pharmacodynamic modeling. 
 
Summary of Research Findings 
Considering the hi ghly interactive nature of the  clinical trials in the BATTLE program, we will 
report the progress of the all the clinical trials in an integrated way. 
 
We are pleased to r eport that w e have successfully completed enrollment to the  study as of 
October 2009 and, following sufficient follow-up time to assess the last patients accrued at 8-
weeks to determine disease control, the data were unblinded in December 2009 for analysis of 
the primary and secondary endpoints. 
 
As previously reported, the rates for both enrollment and randomization per month exceeded 
expectations, allowing completion of accrual in only 35 months.  Due to the unexpectedly brisk 
accrual at the M . D. Anderson site, we deferred activating the trial at the planned second site, 
the Dana Farber Cancer Institute, and were able complete the study at this single site.   
 
Thus, from November 2006 to October 2009, a total of 341 patients were enrolled on the tr ial 
and 255 patients were randomized to the following treatment arms: erlotinib (59 pts), vandetinib 
(54 pts), erlotinib and bexarotene (37 pts), sorafenib (105 pts). Demographics of the randomized 
patients are shown in Table 1.  
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A total of 244 patients were evaluable for 8-week disease control (DC). A total of 324 biopsies 
were obtained, and al l 11 biomarkers were assessable in 270 (83%) patients. Biopsy sites 
yielding evaluable tissue included lung (55% of total biopsies), liver/adrenal (19%), and other 
(26%). Study treatments were generally well tolerated and the t oxicities observed were 
consistent with known treatment toxicities from prior studies, (6.5% of all patients had treatment-
related grade 3-4 toxicities).  We were particularly concerned regarding the potential for 
pneumothorax from the lung biopsies; however, pneumothorax incidence in these patients was 
only 11.5% (16/139).  
 
Table 2 Biomarker results by marker group. 

 
 



Army Award W81XWH-06-1-0303 (BATTLE);  Waun Ki Hong, M.D.  
Annual Report:  Reporting Period 01 April 2009 – 31 March 2010 
 

8 
 

The overall disease control rate (DCR) at 8 weeks was 46%, median overall survival (OS) was 9 
months, 1 year survival was 39%, and progression-free survival (PFS) was 1.9 months.  The 
curve shown in Figure 2 illustrates the clinical relevance of DCR and its correlation with OS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The DC achieved by marker group is shown in Table 3.  
 
Table 3. BATTLE Results:  Disease Control in % (n) 

 
 
The study also revealed several biomarker associations with treatment outcomes.  Better DC 
was seen in patients with EGFR mutations treated with erlotinib (p=0.04); with Cyclin D1 IHC 
positivity (IHC+) (p=0.011) and EGFR (FISH) amplification (p=0.006) treated with erlotinib and 
bexarotene; with VEGFR2 IHC+ treated with vandetinib (p=0.05); and w ith the absence of 

 
Figure 2. 8-week Disease Control Predicts Overall Survival 
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EGFR mutation (p=0.012) or high polysomy (p=0.048) treated with sorafenib. Patients with both 
EGFR mutation and amplification (FISH) had 100% DC (n=6) when treated with erlotinib; in 
contrast, patients with these biomarkers had 0% DC (n=6) when treated with sorafenib. Patients 
with KRAS mutations tended to r espond better when treated with sorafenib (8-wk DC: 61%) 
when compared to patients with K mutations treated with the other three regimens (8-wk DC: 
32%) (P=0.11).  A small exploratory analysis also revealed an intriguing finding, in that the 
specific type of KRAS mutation may affect the outcome of patients treated with sorafenib. In a 
small subset analysis, patients with the mutant KRAS Cys amino acid (aa) substitution were 
observed to have worse PFS compared to sorafenib-treated patients with wild-type or all other 
types of KRAS mutations (p=0.038).   These hypothesis-generating results, albeit in small 
numbers, will be fur ther explored in subsequent studies, and additional data an alyses are 
continuing. 
 
Thus, BATTLE is the first completed biopsy-mandated study in pretreated NSCLC. Our pre-
specified hypotheses regarding biomarkers and targeted treatment were confirmed. Identifying 
proper biomarkers for a favorable population is a step towards personalizing therapy. BATTLE 
establishes a new paradigm to i nvestigate biomarkers and molecularly targeted treatments in 
lung cancer patients.  Discovery biomarker experiments are ongoing in collaboration with the 
project leaders of the basic and translational research aims as described throughout this annual 
report.  
 
Key Research Accomplishments: 
 

• Completed enrollment of thi s novel, complex study, resulting in 341 enr olled patients, 
255 randomized patients, and more than 320 biopsies for analysis. 

• Demonstrated quality tissue specimen acquisition and biomarker evaluation in more than 
80% of processed cases. 

• Demonstrated highly efficient collaboration of clinical teams, Biostatistics Core, and
 Biomarker Core. 

 
Conclusions 
 
We are excited to report the completion of enrollment to the BATTLE program. Accrual to this 
ground-breaking study exceeded our goals.  We have supported the early efforts in biomarker 
discovery in collaboration with the other projects and have initiated formal data analysis.  A 
high-profile plenary session presentation was given by the BATTLE PI, Dr. Edward Kim at the 
2010 AACR Annual Meeting in Washington, DC, to summarize the BATTLE results. 
 
 
Specific Aim 2:      To investigate molecular mechanisms of response and resistance to 
the targeted agents used in the BATTLE program. 
 
Specific Aim 2.1. To validate the molecular mechanisms of response and resistance to 

erlotinib for patients with chemorefractory NSCLC.  
 
(PI and Co-PI: Bruce Johnson, M.D., and Pasi Jänne, M.D., Ph.D.) 
 
The association between somatic epidermal growth factor receptor (EGFR) mutations and 
clinical response to gefitinib in patients with non-small cell lung cancer (NSCLC) was published 
in 2004.  This proposal builds on previous findings to further characterize EGFR mutations in 
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subjects’ tumors and i n tumor cell lines and the r elationship of th ese mutations, subject 
outcome, and in vitro behavior to different EGFR inhibitors.  The data generated demonstrates 
that subjects whose NSCLCs have EGFR mutations typically respond to single-agent therapy 
with gefitinib, are treated for a median of 1 year or longer, and achieve a median overall survival 
duration longer than 2 years. This survival duration is 3-fold longer than that achieved with 
conventional chemotherapy in previously untreated subjects with NSCLC. The patients treated 
with gefitinib or erlotinib with increased copy number assessed by fluorescence in situ 
hybridization (FISH) have a r esponse rate of 20 -30% and the pati ents live a m edian of 
approximately 2 years.  The goal of this research is to confirm these initial observations in 
prospective cohorts of subjects with NSCLC and somatic EGFR mutations or increased copy 
number with erlotinib as the initial therapy. This proposal is generating translational information 
on somatic mutations and copy number, prospective validation of the outc ome of patients with 
NSCLC and EGFR mutations or increased copy number treated with erlotinib, information on 
activation of the E GFR pathway in NSCLC and N SCLC cell lines, and i nformation about 
mechanisms of resistance. 
 
Objective 1: Establish estimates of the response and outcome of previously treated 
patients with prospectively identified somatic EGFR mutations treated with erlotinib. 
 
Summary of Research Findings 
During the l ast project period, the trial entitled, “A Phase II, O pen Label Study of E rlotinib 
(Tarceva®) in Previously Treated Subjects with Advanced Non-Small Cell Lung C ancer” was 
completed in October 2009, with a total of 58 r andomized patients.  The bas eline analyses for 
EGFR mutations, copy number, and immunohistochemistry were conducted by the B iomarker 
Core led by Dr. Wistuba.  We c ontinue to await further data, patient follow-up, and analysis to 
correlate the outcome of the patients with EGFR mutations compared to those with wild-type 
EGFR; thus, data analysis will take place in the coming months.  

The majority of the pr ogress in Specific Aim 2.1 has come from ongoing research to complete 
Objective 1. O ur research focus is on dev eloping noninvasive techniques to monitor the 
development of resistance to erlotinib, given its impact on the outcome of patients with somatic 
EGFR mutations treated with erlotinib.  Studies of DNA on circulating plasma from patients with 
somatic EGFR mutations were published in the past year (see Publications).  In addition, 
techniques to assess the genomic changes in circulating tumors cells have also been developed 
and the results are in press.   
 
Two different methods, SARMS and WAVE/Surveyor, were used to detect EGFR activation and 
resistance mutations from plasma DNA. Both SARMS and WAVE/Surveyor technologies are 
PCR-based methods for mutation detection. SARMS uses a Scorpions primer/probe in a real-
time PCR setting. Short probes allow greater allelic specificity and a l ower background. The 
WAVE/Surveyor method combines standard PCR followed by an endonuclease digestion 
(Surveyor) that targets wild-type/mutant heteroduplexes as before by members of our research 
group.  The resulting products are resolved on the WAVE HS system.  The sensitivity and 
specificity of detecting EGFR T790M with the SARMS assay using NSCLC cell lines with known 
EGFR T790M mutation status (H1975, H820, and H3255 GR, all known to contain an EGFR 
T790M mutation, and A549 that does not contain an EGFR T790M mutation). The EGFR 
T790M allele frequencies for each of the cell lines were: H1975 at 55%, H820 at 7%, H3255 GR 
at 2%, and A549 at 0% . These results were consistent with the previous genotyping results 
using WAVE/Surveyor and published data.  The EGFR-activating mutations and the T790M 
resistance mutation were studied in patient-derived plasma DNA. Based on pr evious reports 
and our determination of m edian patient plasma DNA concentration (0.252 ng/AL, which is 
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equivalent to a median of 43 geno me copies) in our sample cohort, we used 1 microliter of 
patient plasma DNA in both the S ARMS and WAVE/ Surveyor assays.  Using the S ARMS 
assay we detected 12 patients with EGFR del E746_A750, 7 patients with L858R, and 8 
patients with EGFR T790M mutations. All plasma DNA samples were also independently PCR-
amplified and screened for EGFR exon 19 to 21 mutations using WAVE/Surveyor. At the time of 
the study, the Scorpions assays were only available to detec t two EGFR-activating mutations 
(del E746_A750 and L858R ) and the EGFR T790M resistance mutation. Thus, we used the 
WAVE/Surveyor method to evaluate for the r emaining EGFR mutations and also as a 
complementary approach to the SARMS assays (Figure 3). 

 
Using the WAVE/Surveyor method, we detected EGFR exon 19 del etion mutations in 25 
patients, no exon 20 insertion mutations, EGFR L858R mutations in 2 pati ents, and EGFR 
T790M mutations in 4 patients. Of the 25 p atients with EGFR exon 19 del etion mutations 
detected by WAVE/Surveyor, 11 were exon 19 deletions other than the del E746_A750 
mutation. Such deletions were not a par t of the SARMS assay. We compared the fi ndings 
between these two mutation detection methods. The SARMS and WAVE/Surveyor detected 
EGFR del E746_A750 in a combined 15 patients, L858R in a combined 7 patients, and T790M 
in a combined 9 patients, with concordance rates of 73% (11 of 15), 28% (2 of 7), and 33% (3 of 
9), respectively. 
 
Circulating tumor cells (CTCs) offer a non-invasive approach to obtain and characterize 
metastatic tumor cells, but their usefulness has been l imited by low CTC yields from 
conventional isolation methods. The Food and Drug Administration approved the CellSearch 
Epithelial Kit (CEK) for a simplified CTC capture method, CellSearch Profile Kit (CPK), on paired 
blood samples from patients with metastatic breast (n=75) and lung (n=71) cancer.  The breast 

 
Figure 3.  Detection of EGFR T790M using WAVE/Surveyor. Detection of EGFR T790M from the 
H1975 (EGFR L858R/T790M) cell line (top) and plasma DNA from patient 35 (bottom). Exon 20 of 
EGFR was amplified by PCR, the resulting product digested with Surveyor and analyzed using the 
WAVE-HS system. In the presence of EGFR T790M, two fragments (asterisk) are generated by 
Surveyor digestion (solid lines) from the positive control (H1975) and patient 35.The wild-type control 
(A549; dashed line) is uncut. 
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cancer cells were used to provide an established means of genomically characterizing 
circulating breast cancer cells for HER2 amplification that could later be used to assess MET 
amplification in circulating lung cancer cells.  Thi s approach provides a means of monitoring 
circulating lung cancer cells for one of the known mechanisms of gefitinib and erlotinib 
resistance in lung cancer with sensitizing mutations of EGFR mediated by MET amplification.  
Molecular markers including HER2 were evaluated on C TCs by fluorescence in situ 
hybridization (FISH) and compared to patients’ primary and metastatic cancer.  The median cell 
count from patients with breast cancer using the CPK was 117 vs 4 for CEK (P<0.0001) in 7.5 
mls of blood. Lung cancer samples were similar; CPK: 145 cells vs CEK: 4 cells (P<0.0001). 
Recovered CTCs were relatively pure (60–70%) and were evaluable by FISH and 
immunofluorescence. A total of 10  of 30 ( 33%) breast cancer patients with HER2-negative 
primary and m etastatic tissue had HER2-amplified CTCs. The CPK method provides a hi gh 
yield of relatively pure CTCs, facilitating their molecular characterization. Circulating tumor cells 
obtained using CPK technology demonstrate that a significant discordance exists between 
HER2 amplification of a patient’s CTCs and that of the primary and metastatic tumor.  
 
Objective 2:  Determine effects of TGF-α, EGF, and AR on the growth of EGFR-mutant  
and wild-type cell lines. 
 
Summary of Research Findings 
Studies reported in 2009 in our yearly report and publ ished last year showed that head a nd 
neck and NSCLC cell lines that produced 20 or more pmol/L of amphiregulin were significantly 
more likely to be gr owth-inhibited by both gefi tinib and c etuximab than those that pr oduced 

minimal or no amphiregulin.  
 
Objective 3: Determine effects of TGF-α, EGF, and AR on the cell cycle and apoptosis of 
EGFR-mutant and wild-type cell lines.    
 
Summary of Research Findings 
Studies reported in 2009 and published last year showed gefitinib and cetuximab at 
concentrations are achievable in the plasma of cancer patients led to G1-S arrest without any 
evidence of apoptosis in cell lines producing amphiregulin.  In contrast, in the low amphiregulin 
cell lines, cetuximab and gefitinib lead to either no significant increases or only minor changes in 
the G1-S phase of the cell cycle consistent with the lack of growth inhibition in this group of cell 
lines.  
 
Objective 4: Determine effects of different EGFR mutations and EGFR inhibitors on 
phosphorylation of EGFR and downstream signaling intermediates. 
 
Summary of Research Findings 
The results from this objective were reported in the publication along with the findings of 
objectives 2 and 3.   
 
Key Research Accomplishments:   
 

• Completed accrual of the phase II erlotinib trial as part of the BATTLE Program. 
• Published studies that show EGFR T790M can be detected using plasma DNA from 

gefitinib- or erlotinib-resistant patients. 
• Developed a tec hnique to i dentify more than 100 c irculating breast cancer and lung 

cancer cells in 7.5 mls of blood from patients with these cancers. 
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• Demonstrated the abi lity to detect gene amplification (HER2) in circulating tumor cells.  
This finding provides a proof-of-concept for studying the circulating tumor cells from 
patients with lung cancer and sensitizing mutations of EGFR as a mechanism of erlotinib 
resistance.   

 
Conclusions     
 
Both EGFR activating and EGFR T790M can be identified in 70% of patients with known tumor 
EGFR-activating (21/30) or T790M (5/7) mutations.  The secondary acquired resistance T790M 
EGFR mutation was identified from plasma DNA in 15 of the 28 (54%) patients with prior clinical 
response to gefitinib/erlotinib, 4 of 14 patients (29%) with prior stable disease, and in 0 of 12 
patients with primary progressive disease or were untreated with gefitinib/erlotinib:   
 
The median cell count from patients with breast cancer using the CPK was 117 vs 4 for CEK 
(P<0.0001). Lung cancer samples were similar; CPK: 145 cells vs CEK: 4 cells (P<0.0001). 
Recovered CTCs were relatively pure (60–70%) and were evaluable by FISH and 
immunofluorescence. A total of 10  of 30 ( 33%) breast cancer patients with HER2-negative 
primary and metastatic tissue had HER2-amplified CTCs.  These data provide evidence that we 
will likely be abl e to detec t MET amplification in circulating lung cancer cells in patients with 
EGFR sensitizing mutations.  
 
 
Specific Aim 2.2. Insulin-like Growth Factor Receptor Signaling Pathways and Resistance 
to Gefitinib in Non Small-Cell Lung Cancer Cells 
 
(PI:  Ho-Young Lee, Ph.D.) 
 
Non-small cell lung cancer (NSCLC) accounts for about 75%-80% of lung cancer cases and its 
dismal survival rate has not improved in the past 2 decades. The lack of effective therapy, the 
high proportion of patients with advanced disease at the time of diagnosis, and the rapidity of 
tumor progression are major contributors to lung cancer mortality, and raises the urgent need 
for novel strategies to tr eat this disease. Of many potential targets in adult solid tumors, the 
epidermal growth factor receptor (EGFR) has been extensively studied because overexpression 
of EGFR has been observed in a number of other common solid tumors including 40–80% of 
NSCLC (Jemal et al, 2003). Therefore, one therapeutic strategy was to use the agents targeting 
the EGFR pathway. However, negative results from several large-scale phase III clinical trials in 
lung cancer have been reported (Giaccone et al, 2002; Johnson, 2002), indicating the need for 
understanding the m echanisms that induce resistance to E GFR inhibitors. Accumulating 
evidence has implicated insulin-like growth factor receptor-I (IGF-IR) pathways in resistance to 
chemotherapy, radiation therapy, and molecularly targeted agents (Kulik et al, 1997; Lin et al, 
1999; DiGiovanni et al, 2000; Porras et al, 1998; Toker and Newton, 2000). Our objective is to 
investigate whether IGF-IR and downstream signaling mediators, such as PI3K/Akt and MAPK, 
are involved in the resistance to anti-EGFR therapies in NSCLC.  
 
Objective 1:  Determine whether inhibition of the IGF-1R–mediated signaling 

pathway augments the antiproliferative effects of erlotinib on NSCLC 
cells in vitro, and investigate the mechanism by which erlotinib leads 
NSCLC cells to activate the IGF-1R signaling pathway. 

 
Objective 1 and 2 have been completed and reported on in previous reports.  In the past year, 
we investigated whether inhibition of the IG F-1R-mediated signaling pathway augments the 
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antiproliferative effects of IGF-1R antibody, either individually or in combination with EGFR 
antibodies on NSCLC cells in vitro to confirm our findings reported in prior years.  By the MTT 
analysis, we have not been able to detect any effects from the treatments. We plan to analyze 
the anchorage-independent growth of a subset of NSCLC cells after treatment.  
   
Objective 2: Determine whether inhibition of the IGF-1R–mediated signaling 

pathway augments effects of erlotinib on the growth of human NSCLC 
xenograft tumors established in nude mice. 

 
See above. 
 
Objective 3:  Investigate whether IGF-1R activity influences the therapeutic activity 

of erlotinib in patients with NSCLC. 
 
Summary of Research Findings 
We previously found that IGF-1R TKI was not effective in NSCLC cells harboring the K-ras 
mutation. Our objectives in this study are to determine the effi cacy of the IG F-IR neutralizing 
antibody, MK0646, on i nhibition of NSCLC cell growth. Treatment with MK0646 at dos es 
ranging from 5, 10 and 25 μg/mL exhibited a range of sensitivities after 3-day treatment (Figure 
4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The behavior, growth, and response to i nternal and ex ternal signals of cells grown on tissue 
culture plates are largely different from those of cells grown in vivo (three-dimensional), so we 
performed soft agar colony-forming assays to further understand the clustering of cells. When 
the relative number of colonies were calculated by dividing the colony number of the control (no 
treatment) and arranged by the decreasing order, the five resistant cells were again observed to 
be clustered in the resistant group (Figure 2). 
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Figure 4. Characterization of MK0646 response in human NSCLC cell lines. The response of a panel 
of 20 NSCLC cells to MK0646-based treatment was measured on ultra-low attaching condition by MTS 
assay. Three independent experiments were performed with similar results; representative results of 
one experiment are presented. Mutational status and histological information were obtained from 
COSMIC (http://www.sanger.ac.uk/genetics/CGP/CellLines/). Abbreviation: W: wt. M: mt, S: squamous, 
AS: adenosquamous,. L: large cell, A: adenocarcinoma, B: Bronchioloalveolar carcinoma. 
 

http://www.sanger.ac.uk/genetics/CGP/CellLines/�
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The behavior, growth, and response to i nternal and ex ternal signals of cells grown on tissue 
culture plates are largely different from those of cells grown in vivo (three-dimensional), so we 
performed soft agar colony-forming assays to further understand the clustering of cells. When 
the relative number of colonies were calculated by dividing the colony number of the control (no 
treatment) and arranged by the decreasing order, the five resistant cells were again observed to 
be clustered in the resistant group (Figure 5). 
 
Response to MK0646 and erlotinib in EGFR mutant and K -Ras mutant/EGFR mutant cells 
(H3255 and H1975, respectively) and K-ras mutant cells (H226B-KRas) showed persistent 
phospho-AKT levels regardless of MK0646 treatment (Figure 6). In contrast, H226B-GFP cells 
showed de-phosphorylation of AKT in response to MK0646 treatment (Figure 7). 
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Figure 5. Soft agar colony forming assay: Relative colony number in MK0646 25μg/mL. NSCLC cell 
lines were assessed for the ability to form colonies in soft agar. Results are expressed as percent 
colony number on 25ug/mL of MK0646 relative to the number of PBS-treated controls for each cell 
lines and arranged by decreasing order.  
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Figure 6. Response to MK0646 and erlotinib according to EGFR and K-ras mutation status. Cells were cultured on 
poly-HEMA coated plates in complete medium and exposed to the indicated drugs for 72 hours. Doses for each drug 
were as follows: MK0646 25μg/mL, and erlotinib 5μM. 
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Figure 7. Combination of 
MK0646 and erlotinib inhibit 
xenograft growth in nude mice 
with H226B-GFP tumors (upper 
panel), but not in H226B-K-ras 
tumors (bottom panel). H226B-
GFP and H226B-KRas cell lines 
were implanted on t he back of 
nude mice by subcutaneous 
injection. The mice were treated 
twice a week with MK0646 (15 
mg/kg), erlotinib (mg/kg) or their 
combination by intraperitoneal 
(IP) injection.  
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Key Research Accomplishments: 
 

• Demonstrated that the resistance to IGF-1R antibody MK0646 is independent of the 
mutational status of EGFR or K-ras in vitro. 

• Demonstrated that treatment with MK0646 delayed tumor growth in H226B-GFP 
xenografts. 

 
Conclusions 
 
Our results suggested that (a) resistance to IGF-1R antibody MK0646 does not seem to depend 
on the mutational status of EGFR or K-ras in vitro and (b) treatment with MK0646 delayed tumor 
growth in H226B-GFP xenograft, while that tr eatment did not affec t tumor growth in H226B-
KRas xenograft. Response to MK0646 in vitro was not consistent to that in in vivo with H226B-
GFP cells, and this discordance should be further investigated. 
 
 
Specific Aim 2.3. To investigate the molecular mechanisms of resistance to and 

biomarkers of the biologic activity of inhibitors of the VEGF pathway 
 
(PI: John Heymach, M.D., Ph.D.) 
 
The primary goals of this Aim were to develop biomarkers for the activity of VEGF inhibitors and 
investigate potential markers of th erapeutic resistance. Substantial progress has been m ade 
towards these goals. The focus of our effort thus far has been in the identification of potential 
mechanisms of resistance to VEGF inhibitors and development of our methodologies for 
identification of blood-based biomarkers, in large part because of specimen availability. Notable 
advances over the past year, detailed below, include the following: 1) Identification of potential 
mechanisms of r esistance to V EGF inhibitors in preclinical models 2) Identification of tum or 
endothelial markers (TEM) and development of techniques for assessing circulating TEM+ 
endothelial cells; 3) Analyzing the various platforms for plasma profiling of angiogenic factors to 
achieve CLIA certification; and 4) Identification of circulating VEGF as a marker of response to 
vandetanib. 
 
The objectives of this aim have not been modified since the project began. Progress on these 
objectives is detailed below.  
 
Objective 1:  Quantitatively assess VEGFR phosphorylation, downstream signaling, 

and biomarkers of angiogenesis in pre- and post-treatment tumor 
biopsy samples. 

 
Summary of Research Findings 
The goal of this objective is to quantitatively analyze tumor specimens pre- and post-treatment 
from patients enrolled in the BATTLE clinical trial to detect angiogenesis, endothelial apoptosis, 
and VEGF receptor phosphorylation.  Using preclinical models, we have refined our methods for 
this analysis and made great progress in identifying models of resistance to VEGF inhibitors. 
 
Resistance to VEGF inhibitors can occur through changes in the tumor itself, the stroma, or a 
combination of the tw o. To deter mine the ef fect of thes e compartments on V EGF inhibitor 
resistance, we performed RNA microarray analyses comparing lung cancer H1975 control and 
bevacizumab (BV)-resistant xenograft (N=3 samples in each group) using Illumina mouse (WG-
6 v2) and human (WG-6 v3)-specific expression arrays.  We found that a larger number of 
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Figure 8. Stromal factors are involved in developing resistance to the anti-VEGF inhibitor 
bevacizumab. Stromal angiogenic genes found to be modulated in bevacizumab-resistant 
vs. -sensitive H1975 xenografts.   
 
 

stromal mouse genes (1385) were significantly modulated in BV-resistant (BV progression) vs. 
control xenografts (vehicle progression) compared to human tumor genes (98).  We observed 
significant changes in the expression of genes involved in angiogenesis-, lymphangiogenesis-, 
and hypoxia-related signaling pathways between the BV-resistant and control xenografts. 
Specifically, the fibroblast growth factor receptor-2 (Fgfr2) gene was upregulated in the stromal 
compartment, but not i n tumor cells, of H 1975 BV-resistant tumors compared with controls.  
Additionally, upregulation of other stromal molecules and ligands associated with this signaling 
pathway (e.g., Fgf13, Fgfbp1) were detected (Figure 8). We fur ther validated the stromal 
expression of Fgfr2, which we noted to be upregulated in BV-resistant H1975 tumors in the 
microarray analysis. A significant increase in mouse Fgfr2 mRNA expression, but not hum an 
FGFR2, was observed in H1975 resistant xenografts compared with controls (p<0.05).  
 

Based on o ur observation that m ouse Fgfr2 gene expression was increased in the stromal 
compartment of B V-resistant H1975 tumors, we performed immunofluorescent co-localization 
studies on H1975 vehicle and BV-treated xenografts at progression (n=4, each group) using 
CD31 (red) and FGFR2 (green) antibodies (Figure 9A). We observed a significant increase in 
total FGFR2 expression in resistant tumors compared with controls (p<0.001, Figure 9B). 
Furthermore, to as sess changes in the FGFR2 ligand, we next measured the pl asma 
concentration (pg/mL) and the ex pression levels of bas ic FGF (bFGF). We found a 1.5 fol d 
increase in the levels of the circulating cytokine in BV-resistant tumors compared with controls 
(p=0.058; Figure 9C). The immunohistochemical analysis of H 1975 vehicle and BV-treated 
xenografts at pr ogression (n=4, each group) suggested that BV-resistance is associated with 
increased expression of bFGF compared with controls (Figure 9D).  
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These results highlight the importance of the contribution of the stroma in developing resistance 
to anti-VEGF therapies.  We will further investigate the role of stromal FGFR signaling in 
resistance mechanisms utilizing samples from the completed BATTLE trial (Aim 1) that may 
provide important insights into stromal changes contributing the VEGF inhibitor resistance. 
 
Objective 2: Investigate the utility of circulating endothelial cells (CECs), 

monocytes, and other cells in peripheral blood as biomarkers for 
antiangiogenic activity and inhibition of the VEGF pathway. 

 
Summary of Research Findings 
Our previous work focused on i dentifying tumor endothelial markers (TEMs) in preclinical 
models that would identify a new subset of circulating TEM+ positive endothelial cells (CTECs) 
derived from tumor endothelium sloughed into the circulation.  Thi s sloughing is known to 
increase after antiangiogenic therapy and ther efore, we hypothesized that thi s population of 
detectable CTECs may increase after antiangiogenic therapy. Identification of the tum or 
endothelium specific CECs would provide a more accurate measure of r esponse to 
antiangiogenic therapy and would be used in the analysis of samples from the BATTLE clinical 
study. This work led to the investigation of these CTECs in a set of clinical samples. 
 
Objective 3: Systematically examine changes in the plasma and serum angiogenic 

profiles consisting of a panel of proangiogenic cytokines, targeted 
receptors, and potential biomarkers of endothelial damage.   
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Figure 9.  Stromal basic FGF/FGFR is associated with bevacizumab resistance in xenograft models 
A) Colocalization of FGFR and CD31 detected by immunoflorescence in bevacizumab-treated H1975 
tumors: CD31 (red), FGFR2 (green); B) Increased quantification of FGFR2 in bevacizumab-resistant 
tumors; C) Increased bFGF in bevacizumab-treated xenografts; D) Increased expression of bFGF in 
tumors at the time of progression during treatment with bevacizumab.  
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Summary of Research Findings 
We have completed analysis of 185 baseline samples from patients whom consented to the 
optional blood collection for cytokine and an giogenic factor (CAF) analysis. This analysis 
incorporated a total  of 65 anal ytes, including newly available markers of the E GFR axis 
including Amphiregulin, Betacellulin, EGF, EGFR, Epiregulin, FGF-basic, HB-EGF, PDGF-BB, 
PlGF, Tenascin C, and TGF-α (Table 4).  With these additional markers, we will be able to 
evaluate the potential correlation of the data from Specific Aim 2.1 on marker of 
response/resistance to erlotinib.  Data was sent to send to Biostatistics/Bioinformatics Core for 
analysis, and a report will be forthcoming on results of this analysis. We are also in the process 
of evaluating available post-treatment samples as well to determine treatment effects on CAFs. 
 
Table 4.  Cytokines and Angiogenic Factors Analyzed in the BATTLE Study 

Pro/antiangiogenic 
factors EGF axis Chemokines Interleukins 

VEGF, FGF-basic EGF,  EGFR, TGF-a MCP-1, -3 IL-1a, -1b, -1RA 

HGF, PDGF-bb Amphiregulin, 
Betacellulin MIP-1a, b IL-2, -2Ra 

MMP-9, PlGF HB-EGF RANTES (CCL5) IL3 - IL10 

  MIP-2 IL-12 – IL18 

  MIG (CXCL-9)  

Endothelial 
function/damage Hypoxia Eotaxin (CCL11) Growth factors 

sVEGFR-2 Osteopontin* IP-10 (CXCL10) GM-CSF 

sE-selectin CA-9* SDF-1a (CXCR4) G-CSF 

VCAM-1 IGF axis KC (CXCL1) M-CSF 

 IGF-I*, -II* GRO-a SCGF-b 

Inflammation/ 

adhesion 
IGF-BP3* CTACK (CCL27) SCF 

sICAM-1   Beta-NGF 

IFN- a, g    

TNF-a, b    

MIF, LIF    

*ELISA assays (R&D Systems) 
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Key Research Accomplishments: 
 

• Demonstrated one mechanism of resistance to VEGF inhibitors that involves activation 
of the stromal FGFR pathway, and proved that the s tromal compartment may be a key 
player in the development of resistance. 

• Identified a new population of circulating TEM+ endothelial cells (CTECs) that offers a 
specific biomarker for evaluating the effect of angiogenesis inhibitors and was evaluated 
in a set of clinical samples. 

• Explored multiple platforms for determining CAF signatures has brought us closer to the 
goal of reaching CLIA certification for this method.  

• Quantified CAFs in all samples from BATTLE study and are currently analyzing the data. 
 
Conclusions 
 
Our preclinical studies have identified a number of potenti al markers that predict response to 
VEGFR inhibitors.  We are interested to see if further testing proves these same markers can be 
used to predict response in patient samples.  In addition, our studies have identified a new  
population of cells that can be detected that identify circulating endothelial cells derived from 
tumor endothelium.  A nalysis of thi s population of c ells in patients treated with angiogenesis 
inhibitors is likely to be a better prognostic marker of response to treatment. 
 
Several plasma CAFs are associated with specific tumor-derived pathway activation.  Our 
preliminary study suggests that br oad-based plasma profiling of c ytokines and angiogenic 
factors may be a feas ible approach for identifying markers of ac tivation of tum or signaling 
pathways.  In addition to the evaluation of pathway activation using plasma samples, we will be 
evaluating modulation of C AFs by each treatment arm and searching for potential predictive 
plasma signatures with clinical outcome measures such as progression-free survival (PFS). The 
final step will be to v alidate the pl asma predictive signature derived from BATTLE with other 
randomized clinical studies.  These studies can also validate our results that identify circulating 
VEGF as a predictive marker of response to angiogenic therapies in other clinical studies. 
 
 
Specific Aim 2.4. To investigate the molecular mechanisms of the effects of the 

combination of bexarotene and erlotinib on NSCLC cells 
 
(PI: Reuben Lotan, Ph.D.) 
 
The need to discover and introduce more effective treatment agents and combinations is urgent, 
as is the ne ed to i mprove the s election of t he right agent or combination of agen ts for each 
patient on the basis of our understanding of t he molecular targets. The combination of the  
retinoid X receptor (RXR)-selective ligand Bexarotene and the epidermal growth factor receptor 
(EGFR) tyrosine kinase (TK) inhibitor erlotinib appears to be a promising approach, and it will be 
tested in patients with NSCLC in the BATTLE program. Some aspects of the  mechanisms of 
action of these two agents are not fully resolved. Therefore, we propose to investigate how they 
exert their effects on NSCLC cells so as to improve their usefulness in future clinical trials.  
 
The objectives of this project have not changed. 
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Objective 1: To determine by immunohistochemical analysis the expression of 
nuclear receptors (retinoic acid receptors [RAR]-α, -β, and -γ; RXR-α, -β, 
and -γ; and PPAR-γ1 and PPAR-γ2) and cyclin D1 in NSCLC specimens 
obtained from patients to be enrolled in the BATTLE umbrella trial and 
from patients whose cancer progresses on treatment.  

 
Summary of Research Findings 
This objective was a collaborative work with Dr. Ignacio Wistuba (Director of th e Biomarker 
Core) on the analysis of NSCLC samples from the clinical trial patients continued, facilitated by 
the robust patient accrual. The progress is detailed in his report (see Biomarker Core). 
 
Objective 2:  Examine the effects of bexarotene, erlotinib, and rosiglitazone alone 

and in combination on the growth and apoptosis of NSCLC cells, cyclin 
D1 and PPAR-γ levels, and gene expression profiles. 

 
Summary of Research Findings 
This aim was completed as reported in the previous annual report. 
 
Objective 3: Determine whether RXRs, EGFR, and PPAR-γ are required to mediate 

the effects of bexarotene, erlotinib, and rosiglitazone, respectively, on 
cell growth control and apoptosis, and examine the functional 
significance of changes in gene expression induced by receptor 
agonists used singly or in combinations.  

 
Summary of Research Findings 
In previous reports, we have shown that the gene GPRC5A, which had been found by  gene 
expression microarray analysis to be i nduced by bexarotene, can be induced in human lung 
adenocarcinoma cells in vitro. We studied the functions of this bexarotene-inducible gene and 
found that it is phosphorylated in cells treated with EGF but not when cells were co-treated with 
EGF and EGFR inhibitor AG1478, suggesting that GPRC5A can be a substrate for a kinase in 
the EGF/EGFR signaling pathway. We found that E GFR and G PRC5A form a new type of 
interaction between bexarotene and EGF/EGFR signaling; thus, our research during the past 
year has focused on elucidating the role of EGFR-mediated phosphorylation of GPRC5A with 
respect to its tumor suppressor functions. First, we determined whether some NSCLCs express 
both GPRC5A and EGFR or its family member HER-2.  Figure 10 shows that 4/11 NSCLC cell 
lines analyzed expressed high levels of GPRC5A, whereas 8/11 expressed EGFR and 4/11  
expressed HER-2.  All cell lines that expressed GPRC5A also expressed EGFR, and 2 of these 
cell lines also expressed HER-2. This finding is important because previous reports state that 
GPRC5A can be tyrosine phosphorylated in human normal mammary epithelial cells treated 
with EGF (which activates EGFR) or heregulin (which activates HER-2), and our studies 
identified lung cancer cell lines that express GPRC5A as well as EGFR and HER-2. 
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Next, we used the cell line H292G, which expresses both GPRC5A and EGFR, to determine 
whether the activation of EGFR by EGF induces tyrosine phosphorylation of GPRC5A. Figure 2 
shows that treatment of the H 292G cells with EGF increases the ty rosine phosphorylation of 
EGFR as revealed by immunoblotting with anti-phosphotyrosine antibodies (PY99) (two left 
lanes in panel A), indicating that the EGFR signaling can be activated by EGF in these cells. 
The figure also shows that GPRC5A (protein bands of 40 to 50 k da) as well as its C-terminus- 
containing fragment of 20 k da immunoprecipitated from EGF-treated cells are more tyrosine 
phosphorylated than the corresponding proteins from untreated cells (third and fourth lanes in 
panel A). Panel B in the s ame figure shows that s imilar amounts of G PRC5A were 
immunoprecipitated from untreated and EGF-treated cells. The immunoglobulin controls (IgG) 
indicate that the i mmunoprecipitation with anti-GPRC5A was specific. These results clearly 
demonstrated that G PRC5A is a s ubstrate for EGFR in lung cancer cells; however, it is not 
known if GPRC5A is a direct substrate of EGFR itself (as presented schematically in the bottom 
of Figure 11) or one of the downstream kinases activated by EGFR. 
 
To test the hypothesis that GPRC5A is a direct substrate of EGFR, we performed experiments 
to determine whether GPRC5A and EGFR are positioned in very close proximity in the cell 
membrane so that the y can be c rosslinked by a bi functional cleavable Sulfo-NHS-ester 
crosslinker called DTSSP (3,3´-dithiobis [sulfosuccinimidylpropionate]). Figure 12 shows that 
immunoprecipitation of GPRC5A from lysates of cells treated with DTSSP (labeled as D) or with 
EGF followed by DTSSP (labeled as E+D) co-precipitates EGFR. These results prove that 
GPRC5A and EGFR are close enough in the cell to support the notion that GPRC5A is a direct 
substrate of EGFR. 
 
 
 
 

 
Figure 10. The NSCLC cell lines (indicated above each lane) were cultured in DMEM/F12 
medium with 10% serum and s ubconfluent cultures were harvested, lysed, and processed for 
SDS-polyacrylamide gel electrophoresis and i mmunoblotting using antibodies against GPRC5A 
(A), EGFR (B), HER2 (C), and actin (D). The actin blotting was used to assess the loading of 
proteins in each lane. 
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Several groups have analyzed global tyrosine phosphorylated peptides in cells treated with EGF 
and our mining of their data indicated that GPRC5A can be phosphorylated on tyrosine residues 
(Y) located in the cytoplasmic domain at positions 317, 320, 340, and 347. Since we have 
demonstrated previously that GPRC5A is a tumor suppressor, our results did not suggest that it 
would be activated by the mitogenic/oncogenic EGFR signaling. As a result, we hypothesized 
that its phosphorylation by activated EGFR leads to inactivation of GPRC5A. To test this idea, 
we prepared a mutant GPRC5A (4F) and we replaced tyrosine residues 317, 320, 340, and 347 
with phenylalanine (F); therefore, this mutant should not be phosphorylated by EGFR. If o ur 
hypothesis is valid, then the 4F m utant should be more active as a tumor suppressor than the 
normal (wild type) GPRC5A. First, we examined whether the gener ated 4F m utant is indeed 
resistant to EGFR-mediated tyrosine phosphorylation.  We transfected the w ild-type (WT) 
GPRC5A and the 4F m utant into HEK293 cells that express transfected EGFR. After treating 
the cells with EGF for 0 to 360  minutes, we found t hat the WT G PRC5A undergoes 
phosphorylation after 5 minutes of EGF treatment, whereas the 4F mutant does not undergo 
phosphorylation at any time (Figure 13). 

 
Figure 11. The NSCLC cell line H292G was cultured in serum-free medium overnight in several 
tissue culture dishes and then some of the cultures received fresh serum-free medium with EGF 
(100 ng/ml) whereas the other dishes received fresh medium without EGF. After 5 minutes, the cells 
were harvested and total cell lysates were prepared and subjected to immunoprecipitation (IP) with 
either anti-GPRC5A antibodies or control IgG followed by Western blotting using sequentially pY99 
anti-phosphotyrosine antibodies (A) and antibodies against GPRC5A (B).The two leftmost lanes in 
each panel represent cell lysate (1% of total) before immunoprecipitation (input). 
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Figure 12.  H292G Cells were cultured overnight in serum-free medium in several tissue culture 
dishes. The cultures treated with control serum-free medium (C), or EGF (100 ng/ml) (E). After 5 
minutes, the crosslinking reagent DTSSP was added to some of the cultures in control medium (D) or 
those pre-treated with EGF (E+D). After 5 minutes, the cells were lysed and a portion of the lysate was 
analyzed by immunoblotting with antibodies against EGFR (left panel labeled as input). The remaining 
lysate was divided in two aliquots one of which was incubated with antibodies against GPRC5A and 
the other with control IgG.  After immunoprecipitation (IP), the precipitates were subjected to western 
blotting using anti-EGFR antibodies. 
 

Figure 13. HEK293T cells expressing transfected EGFR were transiently transfected with normal 
GPRC5a-WT or mutant GPRC5A-4F.  The cells were cultured in serum-free medium overnight and 
then they were treated with EGF (100 ng/ml) for the indicated times (minutes).  Cell cultures were 
harvested after these times and the cells were analyzed by Western blotting using anti-
phosphotyrosine antibodies. 
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After confirming that the 4F mutant is resistant to EGFR-mediated tyrosine phosphorylation, we 
wanted to compare the ac tivities of the WT and 4F G PRC5A proteins in cells. To do s o, we 
used the lung cancer cell line H1792, which expresses a low level of constitutive EGFR and a 
negligible level of GPRC5A, as shown in Figure 10. H1792 cells transfected with WT GPRC5A 
exhibited lower suppression of anc horage-independent colony formation, an in vitro more 
characteristic of tr ansformed cells than cells transfected with the phosphorylation-resistant 4F 
mutant (Figure 14).  These preliminary results support the hypothesis that phosphorylation of 
GPRC5A may decrease its tumor suppressive effects; however, additional studies beyond the 
scope of this project are required to establish the phosphorylation of GPRC5A in H1792 with 
and without EGF treatment. 
 
Objective 4: Evaluate the growth inhibitory effects and mechanisms of action of 

novel RXR ligands AGN194204 and 9cUAB30 alone or combined with 
erlotinib and rosiglitazone on NSCLC cells.  

 
Summary of Research Findings 
This aim was closed as reported in the previous annual report. 
 
Key Research Accomplishments:   
 

• Demonstrated that GPRC5A interacts with EGFR at the cell membrane and serves as a 
substrate for the phosphorylation of tyrosine residues in the cytoplasmic domain. 

 
Figure 14. H1792 cells were transfected with empty vector, or GPRC5A WT, or 4F and treated 
with control medium of EGF, plated in agarose and analyzed for colony numbers after 18 
days. The upper panels show photographic examples of such colonies and the bar graph 
shows the mean number of colonies per plate ± SE of triplicate plates. 
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• Demonstrated that the phos phorylation of ty rosine may decrease the ac tivity of 
GPRC5A. 

 
Conclusions 
 
This finding is consistent with the increased disease control rate observed in patients treated 
with erlotinib plus bexarotene, compared to that achieved in patients receiving erlotinib alone, in 
the BATTLE clinical trial (see Aim 1). Our finding explains at least in part the biological basis for 
the enhanced efficacy of the combination.  
 
 
Specific Aim 3:  To identify biomarkers as novel predictors of clinical end points and 

potential therapeutic targets  
 
(PI: Ignacio Wistuba, M.D.) 
 
Objective 1:  Identify molecular features in tumor tissues that correlate with 

patients’ responses to individual regimens used in the clinical trials of 
the proposed program.  

 
Summary of Research Findings 
The BATTLE clinical trial completed accrual in October 2009, and subsequent follow-up 
achieved the goal of 200 ev aluable patients in December 2009. Because the patient response 
data to individual regimens in the clinical trial has only been recently unblinded, these recently 
initiated analyses will be finalized during the next unfunded year of the grant (our request for a 
no-cost extension is pending review by the DoD). 
 
A total of 324 pati ents were biopsied in the clinical trial, and tumor tissue was detected in 270 
cases. Of these, frozen tissue specimens from 257 pati ents were made available for RNA 
extraction and for global gene expression analysis. Only 8 patients who consented to a second 
biopsy eight weeks after treatment ended had frozen tissue available before and after treatment.  
RNA quality was measured using the Nanodrop and Agilent Bioanalyzer, and a total of 187 RNA 
samples were found to be suitable for amplification using the NuGEN RNA pico amplification 
system. Of these, histology quality control was performed in 175 frozen tissues samples, and 
malignant cells were detected in 143 (82%) of cases. 
 
A total of 50 qualified RNA samples from the first set of extractions were used for gene 
expression analysis through the Affymetrix GeneChip array (Human gene U 133 plus 2.0 array). 
Among the RNA samples tested, 32 (64%) showed acceptable gene expression profiles and the 
remaining 18 samples (36%) were labeled as of poor quality and not s uitable for analysis. We 
subsequently adapted a new  RNA amplification protocol (WT-Ovation RNA pico amplification 
systems) developed by NuGEN and a new generation of Affymetrix GeneChips (Human gene 
ST 1.0 Array) and analyzed the newly extracted 173 RNA samples. The new strategy generated 
high quality expression profiles from 139 samples suitable for bioinformatics analyses (Table 5). 
Both the yield and the quality of gene expression profiles obtained from the recent 139 samples 
were significantly higher than the profiles from the previous 50 samples.  
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Table 5: Quality expression profiles per GeneChip array 
 
 
 
 
 
 
 

To assess potential differences in signatures between refractory treatment (our study) and 
treatment-naïve tumors (Table 6), we compared gene expression profiling from the BATTLE 
clinical trial (pretreated, resistant tumors, stage III/IV, N=32) and a control group from two 
independent publicly available datasets (never-treated tumors, stage III/IV, N=45) (Table 6).  
 
Table 6: Description of the different sets used to compare pretreated refractory and treatment-naïve 
NSCLC 

*IGC: International Genomics Consortium; NSCLC: Non-small-Cell Lung Cancer 
 
Gene expression profiling was generated using the same platform (U133 Plus 2.0 Array). A total 
of 3,963 probesets were found to be differentially expressed between BATTLE samples and the 
control group with a p -value < 0.001 ( two-tailed t-test). Pathway and gene set analyses were 
used to define networks and pathways associated with resistance (Figure 15). DNA repair gene 
sets were upregulated in BATTLE samples compared to nev er-treated-tumors (1). Network 
analysis found that MYC as well as many of its downstream-regulated genes were significantly 
downregulated in BATTLE samples. In par ticular, a high proportion of M YC target genes 
associated with apoptosis were downregulated. For validation, we used: i) an independent set of 
38 never treated NSCLC stage III/IV; ii) a set of 53 NSCLC cell lines tested for cisplatin 
sensitivity with proteomic profiling generated by Reverse Phase Protein Array (RPPA) 
technology using 177 well-characterized antibodies; iii) the comparison of two pairs of NSCLC 
cell lines (H1437, H460) that were made resistant by iterative exposure to cisplatin, and iv) 
transfection experiments. Using real-time PCR, MYC gene expression was significantly lower in 
15 BATTLE samples compared with an independent set of 38 never-treated, stage III/IV NSCLC 
(p-value=0.01). The pr oteomic profiling of 53 NSCLC cell lines showed that M YC expression 
was one of the top proteins associated with sensitivity to c isplatin. An inverse correlation was 
observed between sensitivity to cisplatin (IC50) and M YC protein expression evaluated by 
RPPA (total MYC: r=-0.41, p-value=0.003; phosphorylated MYC: r=-0.30, p-value=0.03). MYC 
gene expression by real-time PCR was lower in resistant H1437 and H460 cell lines compared 
to parental cell lines. Finally, transfection of H 226 cell lines with a v ector expressing MYC 
improved sensitivity to c isplatin compared to the c ontrol. In conclusion, MYC downregulation 
may play an important role in NSCLC resistance to platinum-based chemotherapy, and the role 
of MYC targeting agents in lung cancer therapy should be re-evaluated for future cancer 
treatment. This work was presented in a poster session at the 101 AACR Annual Meeting, April 
17-22, Washington, DC. 
 

Affymetrix Chips Qualified RNA Passed Array QC 

U133 plus 2.0        50/84 (60%)       32/50 (64%) 

Human ST 1.0    139/173 (80%) 139/139 (100%) 

 BATTLE Duke University International Genomics 
Consortium 

Platform (Affymetrix) HG-U133 Plus 2.0 HG-U133 Plus 2.0 HG-U133 Plus 2.0 
Sample size 32 23 22 
Treatment-naive No Yes Yes 
Sample source NSCLC  NSCLC NSCLC 
Stage III-IV III-IV III-IV 
Number of probesets 54,675 54,675 54,675 
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Using the primary end-point of the trial and available gene expression profiles, we are now in 
the process of i dentifying potential 
biomarkers of response, and testing gene 
expression signatures developed in 
independent studies. Three gene 
expression signatures representing 
activation of i mportant molecular 
pathways were developed, and they  are 
currently being tested in the B ATTLE 
specimens. Briefly, an EGFR signature 
has been developed and trained using 95 
treatment-naïve adenocarcinoma and 
validated in both cell lines and surgically 
resected lung cancer independent tumor 
sets (2)(3)(4)(5). A KRAS signature was 
developed using a pub licly available set 
of lung adenocarcinoma (6), and 
validated in the two independent tumor 
sets (1), including the BATTLE set. 
Finally, an epi thelial-mesenchymal 
transition (EMT) signature has been 
generated by comparing epithelial-like 
and mesenchymal-like NSCLC cell lines, 
validated in the same lines on an Illumina 
platform (v3) and i n an i ndependent set 
of lung cancer tumors (4) and HNSCC 
cell lines (on Illumina V2). All of these 
three mRNA expression signatures are 
being currently tested in the B ATTLE 
profiled samples. The development of the 

EGFR activation signature was presented at the AACR-IASLC Joint Conference Molecular 
Origins of Lung C ancer: Prospects for Personalized Prevention and Ther apy, Coronado, CA, 
January 17, 2010, and to the 10 th Annual Targeted Therapies of the Treatment of Lung Cancer 
(sponsored by IASLC), Santa Monica, February 10, 2010. 
 
Objective 2:  Determine the effect of targeted agents in tumor tissues, and identify 

novel molecular mechanisms of tumor response or progression.  
 
Summary of Research Findings 
We have successfully adapted a new strategy to obtain high-quality gene expression profiles 
from the small quantity of tissue present in core needle biopsies that will significantly improve 
the yield rate and allow for improved bioinformatic analyses. The high-quality gene expression 
profiles found in our recently profiled tissue specimens are now ready to be used for analyses 
comparing these data with clinical and molecular parameters obtained in our clinical trial, 
including response of patients in each treatment group. This analysis is currently being 
performed in conjunction with the Biomarker Core and i t will be completed during the n ext 
unfunded year of this program (no-cost extension request pending DoD review). 
 
 
 
 

Figure 15. Pathway analysis by differentially 
expressed genes between treatment naïve and 
refractory NSCLC showed a downregulation of MYC 
and its downstream regulated genes 
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Key Research Accomplishments:  

• Obtained biopsies from 324 patients in the clinical trial, with tumor tissue detected in 270 
cases. Of these, frozen tissue specimens from 257 pati ents were made available for 
RNA extraction and for global gene expression analysis.  

• Optimized a new RNA amplification protocol developed by NuGEN to generate high 
quality expression profiles suitable for bioinformatic analysis from core needle biopsies 
from lung cancer patients with chemorefractory tumors (BATTLE). 

• Obtained high-quality mRNA expression signatures from fresh core needle biopsies from 
171 BATTLE patients that will be correlated with tumors’ genetic abnormalities identified 
by the B iomarker Core and w ith patients’ outcome based on the targeted therapy 
treatment received. 
 

Conclusions 
 
During this project period, we demonstrated that global gene expression profiles can be 
successfully obtained using residual tumor biopsies after fulfilling required biomarker analysis. 
We optimized new RNA amplification protocols to produce high quality gene expression mRNA 
profiles for correlative analysis with tumors’ genetic and patients’ clinical parameters, including 
response and outcome after treatment.   
 
 
Specific Aim 4:  To explore new preclinical combinations and their mechanisms of 

action by targeting mTOR signaling and develop phase I trials to test 
these combinations. 

 
 (PI and Co-PIs: Suresh Ramalingam, M.D., Shi-Yong Sun, Ph.D., Haian Fu, Ph.D.) 
 
The overall objective of Aim 4 is to study the efficacy of mTOR inhibitor combination therapies 
that co-target mTOR and PI3K/Akt signaling. Following is a summary of our research progress 
for Year 3:  
 
Objective 1:  To study the efficacy of mTOR inhibitor combination therapies that 

co-target mTOR and PI3K/Akt signaling. 
 
Summary of Research Findings 
We previously had shown that the combination of an mTOR inhibitor (e.g., RAD001) and a PI3K 
inhibitor (e.g., LY294002) exerts enhanced antitumor effects both in cell cultures and in mouse 
xenografts (Wang et al., Cancer Res 2008). However, we do not know if the sequence of the 
treatment impacts the therapeutic efficacy of the combination without conducting an experiment 
to address this issue. We found that the concurrent treatment with rapamycin and LY294002 
was far more potent than both s equential treatments: rapamycin followed by LYT294002 and 
LY294002 followed by rapamycin in inhibiting the gr owth of cancer colonies (Figure 16). We 
recommend using the concurrent combination of an mTOR inhibitor and a PI3K inhibitor as a 
potential cancer therapeutic regimen based on our results. 
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Figure 16. Impact of sequential 
combinations of rapamycin and 
LY294002 on inhibition of lung cancer 
growth. The indicated cell lines were 
seeded in 24-well plates and next day 
treated with rapamycin (Rap) alone, 
LY294002 (LY) alone, or the indicated 
combinations. The treatments were 
repeated every 3 days with fresh 
medium. After 12 day s, the colonies 
were fixed, photographed (A) and 
counted (B). Each column represents 
a mean ± SD of triplicate 
determinations.  

  
We further investigated the effects of rapamycin or RAD001 in combination with the PI3K/mTOR 
dual inhibitor, BEZ235, on the gr owth of hum an lung cancer cells both i n cell culture and i n 
animal xenograft models. The combination of RAD001 and BEZ235 was much more potent than 
each single agent i n inhibiting the gr owth of h uman lung cancer cells, including induction of 
apoptosis and G1 cell cycle arrest. Similar results were also generated in a long-term colony 
formation assay. Again, we found that the concurrent combination of RAD001 and BEZ235 
worked better than s equential treatments in inhibiting the growth of colonies (Figure 17), 
reinforcing our hypothesis that the  concurrent combination of an m TOR inhibitor and a P I3K 
inhibitor is a potential cancer therapeutic regimen.  
 
We conducted animal experiments to c onfirm our observations made from the R AD001 and 
BEZ235 combination treatments described previously.  S imilar to the c ell culture results, the 
combination of RAD001 and BEZ235 was significantly more potent than  each single agent i n 
inhibiting the growth of lung cancer xenografts with minimal toxicity (Figure 18). Thus, this in 
vivo data supports the combination of an m TOR inhibitor and a P I3K inhibitor as a potent ial 
cancer therapeutic strategy. 
 
Interestingly, we found that the c ombination did not inhibit the RAD001-induced p-Akt increase 
in cell culture. The work is ongoing to analyze p-Akt levels in various groups presented in Figure 
18 to demonstrate if the combination inhibits RAD001-induced Akt phosphorylation in vivo.  
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Figure 17. Effects of the combination of 
RAD001 and BEZ235 on the growth of 
cancer colonies. The indicated cell lines 
were seeded in 24-well plates and next 
day treated with RAD001 alone, BEZ235 
alone, or the indicated combinations. The 
treatments were repeated every 3 days 
with fresh medium. After 12 days, the 
colonies were fixed, photographed (A) and 
counted (B). Each column represents a 
mean ± SD of triplicate determinations. 

 

 
Figure 18. Effect of the RAD001 and BEZ235 combination on the growth of A549 xenograft. The 
tumors were treated with 3 mg/kg RAD001 (og), 20 mg/kg BEZ235 (og) or their combination for a 
consecutive 14 day treatment. The data are means ± SD (n = 6).   

 
 
Objective 2: To examine whether rapamycin-induced Akt activation suppresses ASK1-

mediated apoptosis and leads to decreased therapeutic efficacy. 
 
Summary of Research Findings 
Our previous annual report indicated a c ritical role of ASK2 in regulating ASK1 through 
recruiting 14-3-3 into the ASK1 protein complex.  W e have completed this study by 
demonstrating that phosphorylation of ASK2 at S964 induces 14-3-3 binding, which 
subsequently relays a survival signal to ASK1 through binding to phosphorylated ASK1 at S967.  
This work has been published in Oncogene. 
 
In order to understand how Akt upregulation suppresses the A SK1 function in cells after 
rapamycin treatment, we examined the functional interaction between Akt and ASK1 as ASK1 is 
known to be r egulated by Akt directly through phopshorylation at S 83 site.  Inte restingly, we 
discovered that activated Akt induces phosphorylation of ASK1 at S967, a 14-3-3 binding site 
associated with cell survival.  In support of this finding, treatment of cells with IGF1, which 
activate Akt, triggers ASK1 phosphorylation at S 967 and an pS 967-mediated 14-3-3 
association.  On the other hand, inhibition of PI3K, an upstream activator of Akt, reduces S967 
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phosphorylation.  Thus, Akt may exert its impact on ASK1 through a dual mechanism through 
S83 and S967.  We are currently exploring the mechanistic details. 
  
mTOR inhibition by rapamycin induces Akt activation, which not only provides a feedback 
survival mechanism, but al so releases an inhibitory mechanism through phosphorylation of 
PRAS40.  PRAS40 is an A kt substrate, which in its unphosphorylated state can suppress 
mTOR function.  Our recent studies reveal that PRAS40 is upregulated in lung cancer cells.  In 
particular, the phosphorylated form of PRAS40 is present in lung cancer cells and tumor tissues 
as demonstrated by immunohistochemistry studies.  We propose that phosphorylation of 
upregulated PRAS40 allows mTOR signaling and promotes tumorigenesis; we are currently 
testing this hypothesis.  Together, our research suggests that Akt activation suppresses mTOR 
inhibitor’s therapeutic efficacy, possibly through multiple mechanisms including ASK1 
suppression and PRAS40 phosphorylation.   
 
Objective 3: To conduct two phase I clinical trials to test the efficacy of the combination 

of an mTOR inhibitor with an Akt or an EGFR inhibitor in advanced NSCLC 
patients resistant to the front and second line therapy, and assess the 
modulation of targeted biomarkers from tumor tissues before and after the 
treatment. 

 
Summary of Research Findings 
A phase I study of th e combination of ev erolimus and erlotinib in advanced NSCLC was 
conducted by our collaborators and l ed by Dr. Bruce Johnson at the D ana Farber Cancer 
Institute. We participated in a multi-institution randomized phase II study of erlotinib alone or in 
combination with everolimus for patients with advanced NSCLC following progression with prior 
platinum-based chemotherapy. Erlotinib was administered at the dose of 150 mg/day and 
everolimus was given at 5 m g/day PO. The primary endpoint of the s tudy was to compare the 
disease control rate between the two treatment arms. A total of 133 patients were enrolled, and 
the disease control rate at 3 m onths was 40% for the combination and 28%  for erlotinib 
monotherapy. The m edian progression-free survival also favored the c ombination of the tw o 
agents (2.9 m vs. 2.0 m), which was tolerated well by our patients. Overall, the study 
documented a modest efficacy advantage for the combination of erlotinib and everolimus. The 
next phase of this project is to evaluate the baseline tumor tissues collected from these patients 
to study the expression of various mTOR-related biomarkers and to correlate these results with 
the documented patient outcomes.  
 
Key Research Accomplishments: 
 
• Demonstrated that concurrent combination of an m TOR inhibitor and a P I3K inhibitor is a 

potential cancer therapeutic strategy. 
• Discovered a new mechanism by which Akt induces ASK1 phosphorylation at S967. 
• Revealed dysregulated PRAS40 in the mTOR complex in lung cancer cells and tumor 

tissues, which may represent a new biomarker for future studies. 
 
Conclusions 
 
Concurrent combination of an mTOR inhibitor and a P I3K inhibitor is a potential cancer 
therapeutic strategy as demonstrated by our research findings. Since the c ombination of an  
EGFR inhibitor and an mTOR inhibitor only demonstrated modest improvement in efficacy, our 
future plans will include the evaluation of predictive biomarkers for this combination and may 
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lead to the evaluation of a new combination consisting of an mTOR inhibitor and a PI3K inhibitor 
based on our preclinical observations. 
 
 
Biostatistics and Data Management Core 
 
(Core Director: J Jack Lee, Ph.D.) 
 

 In close collaboration with the Biomarker Core, the clinical research team, and each of the basic 
science research components, the Biostatistics and D ata Management Core (BDMC) for the 
Department of D efense (DoD) BATTLE lung cancer research program is a comprehensive, 
multi-lateral resource for designing clinical and bas ic science experiments; developing and 
applying innovative statistical methodology, data ac quisition and m anagement, and s tatistical 
analysis; and publishing translational research generated by this research proposal. 

 
The main objectives of the BDMC are as follows: 

 
1. Develop and implement a novel adaptive randomization scheme for assigning patients 

into the treatment arms with the highest probability of success.  
2. Provide the statistical design, sample size, and power calculations for each project. 
3. Develop a secure, internet-driven, web-based database network between UTMDACC 

and other research centers, including Emory University and the D ana-Farber Cancer 
Center, that integrates the clinical data generated by the five proposed clinical trials and 
relating basic science research efforts of the BATTLE research project. 

4. Develop a comprehensive, Web-based database management system for tissue 
specimen tracking and distribution and for a central repository of all biomarker data. 

5. Provide all statistical data analyses, including descriptive analysis, hypothesis testing, 
estimation, and modeling of prospectively generated data. 

6. Provide prospective collection, entry, quality control, and integration of data for the basic 
science, pre-clinical, and clinical studies in the BATTLE grant. 

7. Provide study monitoring and conduct that ensures patient safety by timely reporting of 
toxicity and i nterim analysis results to v arious institutional review boards (IRBs), the 
UTMDACC data monitoring committee, the DoD, and other regulatory agencies.  

8. Generate statistical reports for all projects. 
9. Collaborate with all project investigators and assist them in publishing scientific results. 
10. Develop and adapt innovative statistical methods pertinent to biomarker-integrated 

translational lung cancer studies. 
 
Summary of Research Findings 
In the four th and last funded year, the B iostatistics and Data Management Core continued to 
work with all project investigators and provide biostatistics and database management support 
for all projects and cores in the BATTLE program. The clinical trial operations, including patient 
registration, randomization, clinical visits, and outcome evaluation, have progressed as planned.  
We have completed the clinical trial enrollment and the evaluation of the primary endpoint.  
 
(A) Biostatistics 
  
We have implemented a novel study design incorporating the hierarchical Bayesian model and 
adaptive randomization to identify the best treatment for each patient’s biomarker profile and to 
adaptively randomize more patients into more effective treatments accordingly. We have 
worked with clinical investigators on protocol amendments. We provided statistical reports for 
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our monthly project meetings to update the accrual, randomization, and demographic data of 
the patients on tr ial.  We designed and implemented the adaptive randomization phase of the 
trial, and th e adaptive randomization program was written in a s tatistical package “R.” Web-
based services were applied to i ntegrate the adapti ve randomization program with the m ain 
Web-interfaced database application. The study has a steady accrual rate of 9.5 patients 
registered and 7.1 patients randomized per month. The study accrual and randomization were 
completed in October 2009. We registered a total of 341 patients and randomized 255.  Fr om 
November to December 2009, our Core facilitated a systematic, blinded review of the pr imary 
endpoint (i.e., 8-week disease control status) for all randomized patients. We reported the most 
updated interim results to the Data Safety and Monitoring Board (DSMB) in December 22, 2009, 
and requested to unbl ind the data for  the anal ysis of pr imary data. The D SMB approved the 
unblinding of the study and concluded the monitoring of this trial. The main results based on the 
analysis of the primary endpoint were submitted to the l ate-breaking sessions of the A nnual 
Meeting of the A merican Associations for Cancer Research (AACR) and was presented to the 
External Advisory Board on February 12, 2010 (see also Aim 1 for clinical results).  The abstract 
was presented at the Opening Plenary Session of the AACR Annual meeting on April 18, 2010.  
Based on extensive data analysis, the following reports were generated. 
 
Statistical Reports Generated 

• Patient characteristics report on the main medical demographical information. 
• Main efficacy report on 8-week disease control status, progression-free survival, and 

overall survival.  Analyses were performed for each treatment by marker group and by 
each individual biomarker.  

• Biopsy report on the sites and complications of the biopsy. 
• Biomarker report for the distribution of each of the 11 markers measured and the marker 

groups. 
• Toxicity report by patient and by incidence for each treatment.   
• Compliance report for drug compliance. 
• Randomizing report detailing the probability of randomization for each patient during the 

adaptive randomization phase. 
• Discovery biomarker report on the analysis of microarray data and CAF data.  

 
(B) Data Management 
 
Database tasks 

• The On Study EKG Form now allows for non-numeric study weeks. 
• Added support for “inevaluable” and “too early” overall tumor measurement responses in 

data entry as well as the protocol summary report. 
• Tissue Inventory has additional enhancements to fix some potential data entry issues. 
• The comment fields now allow additional text input in several forms. 
• The “Patients on a protocol” report includes the umbrella protocol patients. 
• The administrative tool was enhanced to allow for easier removal of duplicate data. 
• Changes to the reporting tool were made to correct some minor bugs. 

 
Database programming effort  

• Generated Blood Sample Inventory Reports to get an accurate inventory as well as an 
updated sample storage location. 

• Updated the patient evaluable status and the 8-week disease control status once patient 
enrollment closed,  
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• Data dumps were generated, both independently and with research nurses, on most 
forms to spot check data for accuracy and to improve data accuracy.   

• Generated reports to analyze the adaptive randomization results based on previous 
observed and posterior treatment responses. 

 
Key Research Accomplishments:   
 

• Developed and implemented a nov el adaptive randomization design for the B ATTLE 
program. 

• Performed extensive statistical analysis on the s tudy findings including treatment 
efficacy, toxicity, compliance, pre-specified biomarkers, and discovery biomarkers, etc. 

• Developed and maintained a secured, web-based database application to assist with the 
data collection and analysis. 

• A web-based database application is developed, deployed, and maintained at: 
 https://insidebiostat/DMI_BATTLE/Common/Login.aspx. 
 
Conclusions 
 
In collaboration with clinical investigators, research nurses, the Biomarker Core, and basic 
scientists, the Biostatistics and Data Management Core has continued to deliver the biostatistics 
and data management support as proposed.   
 
 
Biomarker Core:  Perform biomarker assessment to stratify patients into a particular 

arm of clinical trials and coordinate the distribution of clinical 
samples.  

 
(Core Director: Ignacio Wistuba, M.D.) 
 
The Biomarker Core, in close collaboration with the Biostatistics and Data Management Core, 
the Clinical Trial team, and Research Project Investigators, has played an important role in 
achieving the objectives proposed in the aims of the proposed BATTLE program by acquiring 
and processing lung cancer tissue specimens and per forming the bi omarker analysis for the 
stratification of patients into the clinical trials. In addition, the Core has collected and banked 
tissue specimens to support mechanistic studies of response or resistance to targeted agents 
used in the BATTLE trials.  
 
The Biomarker Core has successfully combined standard methods of histopathology processing 
and assessment of lung cancer tissue specimens with more advanced tools of molecular and 
genetic biomarker analyses. 
 
Objective 1: To acquire, bank, process, and distribute tumor and blood specimens 

obtained from BATTLE enrolled patients for biomarker analyses and 
molecular mechanistic studies of targeted agents. 

 
Summary of Research Findings 
The Biomarker Core completed the c ollection and pr ocessing of all patients enrolled in the 
BATTLE clinical trial in December 2009. The  Core collected and pr ocessed NSCLC tumor 
tissue specimens from 324 patients for biomarker analysis. Of the 324 specimens collected, 270 
(83%) cases yielded enough tumor cells to examine and report a complete set of biomarkers as 

https://insidebiostat/DMI_BATTLE/Common/Login.aspx�
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proposed (see Objective 2 - Table 1).  We were not able to detect enough viable tumor cells 
(higher that 50 cell/slide) for biomarker analysis in 54 (17%) patients; in these specimens, the 
most frequent findings were necrotic tumor tissue and dense fibrosis. We obtained 171 tissue 
specimens from lung tumor sites, and the remaining specimens were collected from metastatic 
sites (including 45 l ymph nodes, 36 l iver, 30 adr enal glands, 26 soft tissues/skin, 8 
mediastinum, and 8 pl eura). NSCLC histology types included 197 adenocarcinoma (61%), 30 
squamous cell carcinoma (9%), and 40 NSCLC not otherwise specified (12%).  
 
At least one fresh tumor tissue core obtained from 257/270 (95%) cases was snap-frozen, and 
those specimens were distributed to Dr. Wistuba’s lab for mRNA and protein profiling.  Of these, 
histology quality control was performed in 175 frozen tissues samples, and malignant cells were 
detected in 143 (82%) of cases. 
 
The residual tissue specimens of formalin-fixed and paraffin-embedded (FFPE) tissues of all the 
evaluated biopsies were banked in the Biomarker Core, and they represent 588 tissue blocks 
from 266 cases (2.2 block/case; range 1-4) and 3,965 unstained histology sections from 246 
cases (16 slides/case; range 1-36).   
 
In addition, in close collaboration with the Biostatistics Core and the Clinical Trial team, we 
collected diagnostic, pre-chemotherapy tissue specimens from over 120 BATTLE patients; this 
collection is still in progress. We will use these diagnostic tissue specimens to compare the 
expression of molecular markers before and after chemotherapy treatments.  
 
Objective 2: To perform biomarker analyses and report results in a timely fashion 

for patient stratification in the BATTLE trials and molecular 
mechanistic studies of the targeted agents. 

 
Summary of Research Findings 
 
Tissue specimen workflow for biomarker analysis  
We completed the ti ssue processing and histology assessment of al l 324 tumors biopsied 24 
hours after specimen collection. We performed the analysis of the 11 molecular markers from 
the 270 tu mors with adequate malignant cells, and r ecorded the r esults in the Web-based 
clinical trial database within 14 days in more than 99% of cases.  
 
Biomarker analyses 
Biomarkers examined using the formalin-fixed and paraffin-embedded tissues in the lung tumor 
specimens are listed in Table 7. DNA for mutation analyses of EGFR, KRAS and BRAF genes 
was extracted from microdissected tissue obtained under direct microscope observation from 
hematoxylin-eosin (H&E) stained tissue sections. 
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Table 7. Biomarkers examined in lung cancer biopsy samples and for patient stratification in the clinical 
trial. 

 
Summary of biomarker data 
As stated above, we reported the complete set of biomarker results for the 270 patients enrolled 
in the clinical trial that had sufficient tissue for analysis of all 11 markers (Table 8). 
 
      Table 8. Summary of biomarker results in 270 NSCLC cases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Key Research Accomplishments: 

• Established and maintained a system for tissue processing and molecular biomarker 
analysis of core biopsy tissue specimens from lung cancer patients in timely fashion 
(within 14 days). 

• Collected, processed, and reported tissue histology in all biopsies obtained. 
• Completed the tissue collecting, processing, and biomarker analysis of tissue specimens 

from all patients enrolled in the clinical trial and biopsied (N=324). 
 

Molecular Pathway Biomarkers Type of Analysis 
EGFR EGFR Mutation (exons 18 to 21) DNA sequencing 
 EGFR Increased Copy Number (polysomy/amplification) DNA FISH1 
K-Ras/B-Raf K-RAS Mutation (codons 12,13, 61) DNA sequencing 
 B-RAF Mutations (exons 11 and 15) DNA sequencing 
Angiogenesis VEGF Expression Protein IHC2 
 VEGFR-2 Expression Protein IHC 
RXRs/Cyclin D1 RXR α, β, γ Expression Protein IHC 
 Cyclin D1 Expression Protein IHC 
 Cyclin D1 Amplification DNA FISH 

Biomarker Group Positive Cases 
EGFR markers 113 (42%) 

EGFR mutation (exons 18-21)     46 (17%) 
EGFR FISH increased copy number   105 (39%) 

High polysomy         60 (22%) 
Gene amplification         45 (17%) 

  
KRas/BRaf   51 (19%) 

KRAS mutation (codons 12, 13 and 61)      48 (18%) 
BRAF mutation (exons 11 and 15) 8 (3%) 
  

Angiogenesis 228 (84%) 
VEGFR IHC expression (score >100)    223 (83%) 
VEGFR-2 IHC expression (score >100)      97 (36%) 
  

RXRs/CyclinD1 227 (84%) 
RXR α nuclear IHC expression (score >30)    213 (79%) 
RXR α cytoplasmic IHC expression (score >200)          3 (1%) 
RXR β cytoplasmic IHC expression (score >200)        18 (7%) 
RXR β membrane IHC expression (score >200)                  0 
RXR γ cytoplasmic IHC expression (score >200)        24 (9%) 
Cyclin D1 IHC Expression (score >10%)    143 (53%) 
Cyclin D1 FISH amplification      26 (10%) 
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Conclusions 
The Biomarker Core has successfully combined standard methods of histopathology processing 
and assessment of lung cancer tissue samples while using more advanced tools of molecular 
and genetic biomarker analyses to pr ospectively examine molecular biomarkers for 
individualized targeted therapy in all 324 NSCLC patients enrolled and biopsied.  We will 
continue to compare the pathology and bi omarker expression of di agnostic tumor tissue 
specimens before chemotherapy with the s pecimens obtained in the B ATTLE clinical trial. In 
addition, we will examine novel molecular abnormalities obtained in the mRNA profiling analysis 
of frozen tissue specimens using the residual tissue specimens banked. 
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KEY RESEARCH ACCOMPLISHMENTS 
Specific Aim 1: To establish a clinical trial program using biomarker assessment to 

select individualized targeted therapy for previously treated 
chemorefractory advanced NSCLC patients.   

 
• Completed enrollment of thi s novel, complex study, resulting in 341 enr olled patients, 

255 randomized patients, and more than 320 biopsies for analysis. 
• Demonstrated quality tissue specimen acquisition and biomarker evaluation in more than 

80% of processed cases. 
• Demonstrated highly efficient collaboration of clinical teams, Biostatistics Core, and
 Biomarker Core. 

 
Specific Aim 2.1. To validate the molecular mechanisms of response and resistance to 

erlotinib for patients with chemorefractory NSCLC.  
 

• Completed accrual of the phase II erlotinib trial as part of the BATTLE Program. 
• Published studies that show EGFR T790M can be detected using plasma DNA from 

gefitinib- or erlotinib-resistant patients. 
• Developed a tec hnique to i dentify more than 100 c irculating breast cancer and lung 

cancer cells in 7.5 mls of blood from patients with these cancers. 
• Demonstrated the abi lity to detect gene amplification (HER2) in circulating tumor cells.  

This finding provides a proof-of-concept for studying the circulating tumor cells from 
patients with lung cancer and sensitizing mutations of EGFR as a mechanism of erlotinib 
resistance.   

 
Specific Aim 2.2. To investigate whether the resistance to erlotinib is mediated by the 

activation of type I insulin-like growth factor receptor (IGF-1R) 
signaling pathway 

 
• Demonstrated that the resistance to IGF-1R antibody MK0646 is independent of the 

mutational status of EGFR or K-ras in vitro. 
• Demonstrated that treatment with MK0646 delayed tumor growth in H226B-GFP 

xenografts. 
 
Specific Aim 2.3. To investigate the molecular mechanisms of resistance to and 

biomarkers of the biologic activity of inhibitors of the VEGF pathway 
 

• Demonstrated one mechanism of resistance to VEGF inhibitors that involves activation 
of the stromal FGFR pathway, and proved that the s tromal compartment may be a key 
player in the development of resistance. 

• Identified a new population of circulating TEM+ endothelial cells (CTECs) that offers a 
specific biomarker for evaluating the effect of angiogenesis inhibitors and was evaluated 
in a set of clinical samples. 

• Explored multiple platforms for determining CAF signatures has brought us closer to the 
goal of reaching CLIA certification for this method.  

• Quantified CAFs in all samples from BATTLE study and are currently analyzing the data. 
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Specific Aim 2.4. To investigate the molecular mechanisms of the effects of the 
combination of bexarotene and erlotinib on NSCLC cells 

 
• Demonstrated that GPRC5A interacts with EGFR at the cell membrane and serves as a 

substrate for the phosphorylation of tyrosine residues in the cytoplasmic domain. 
• Demonstrated that the phos phorylation of ty rosine may decrease the ac tivity of 

GPRC5A. 
 
Specific Aim 3:  To identify biomarkers as novel predictors of clinical end points and 

potential therapeutic targets 
 

• Obtained biopsies from 324 patients in the clinical trial, with tumor tissue detected in 270 
cases. Of these, frozen tissue specimens from 257 pati ents were made available for 
RNA extraction and for global gene expression analysis.  

• Optimized a new RNA amplification protocol developed by NuGEN to generate high 
quality expression profiles suitable for bioinformatic analysis from core needle biopsies 
from lung cancer patients with chemorefractory tumors (BATTLE). 

• Obtained high-quality mRNA expression signatures from fresh core needle biopsies from 
171 BATTLE patients that will be correlated with tumors’ genetic abnormalities identified 
by the B iomarker Core and w ith patients’ outcome based on the targeted therapy 
treatment received. 

 
Specific Aim 4:  To explore new preclinical combinations and their mechanisms of 

action by targeting mTOR signaling and develop phase I trials to test 
these combinations. 

 
• Demonstrated that concurrent combination of an mTOR inhibitor and a PI3K inhibitor is a 

potential cancer therapeutic strategy. 
• Discovered a new mechanism by which Akt induces ASK1 phosphorylation at S967. 
• Revealed dysregulated PRAS40 in the mTOR complex in lung cancer cells and tumor 

tissues, which may represent a new biomarker for future studies. 
 
Biostatistics and Data Management Core: 
 

• Developed and implemented a nov el adaptive randomization design for the B ATTLE 
program. 

• Performed extensive statistical analysis on the s tudy findings including treatment 
efficacy, toxicity, compliance, pre-specified biomarkers, and discovery biomarkers, etc. 

• Developed and maintained a secured, web-based database application to assist with the 
data collection and analysis. 

• A web-based database application is developed, deployed, and maintained at: 
 https://insidebiostat/DMI_BATTLE/Common/Login.aspx. 
 
Biomarker Core: 
 

• Established and maintained a system for tissue processing and molecular biomarker 
analysis of core biopsy tissue specimens from lung cancer patients in timely fashion 
(within 14 days). 

• Collected, processed, and reported tissue histology in all biopsies obtained. 

https://insidebiostat/DMI_BATTLE/Common/Login.aspx�
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• Completed the tissue collecting, processing, and biomarker analysis of tissue specimens 
from all patients enrolled in the clinical trial and biopsied (N=324). 
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REPORTABLE OUTCOMES: 
 
Publications (Attached in Appendix A) 
 
Cockrell LM, Puckett MC, Goldman EH, Khuri FR, Fu H. Dual engagement of 14-3-3 proteins 
controls signal relay from ASK2 to the A SK1 signalosome. Oncogene, 2010 Feb 11;29(6):822-
30.  PMID: 19935702.  
 
Fan S, Ramalingam SS, Kauh J, Xu Z, K huri FR, Sun S-Y. Phosphorylated eukaryotic 
translation initiation factor 4 ( eIF4E) is elevated in human cancer tissues. Cancer Biology & 
Therapy. 2009 Aug;8(15):1463-9. PMCID: PMC2804981.  
 
Fu L, Kim YA, Wang X, Wu X, Yue P, Lonial S, Khuri FR, Sun S-Y. Perifosine inhibits mTOR 
signaling through facilitating degradation of major components in the mTOR axis and induces 
autophagy. Cancer Research.  2009 Dec 1;69(23):8967-76. PMCID: PMC2789206. 
 
Hanrahan EO, Ryan AJ, Mann H, Kennedy SJ, Langmuir P, Natale RB, Herbst RS, Johnson 
BE, Heymach JV. Baseline vascular endothelial growth factor concentration as a potenti al 
predictive marker of benefi t from vandetanib in non-small cell lung cancer. Clinical Cancer 
Research. 2009 May 15;15(10):3600-9. PMID: 19447868.  
 
Kuang Y, Rogers A, Yeap BY, Wang L, Makrigiorgos M, Vetrand K, Thiede S, Distel RJ, Janne 
PA.  Noninvasive Detection of EGFR T790Min Gefitinib or Erlotinib Resistant Non Small Cell 
Lung Cancer.  Clinical Cancer Research. 2009 Apr 15;15(8):2630-6. PMCID: PMC2727796.  
 
Mino-Kenudson M, Chirieac LR, Law K, Hornick JL, Lindeman N, Mark EJ, Cohen DW, Johnson 
BE, Jänne PA, Iafrate AJ, Rodig SJ. A novel, highly sensitive antibody allows for the routine 
detection of ALK-rearranged lung adenocarcinomas by standard immunohistochemistry. Clinical 
Cancer Research. 2010 Mar 1;16(5):1561-71. PMCID: PMC2831135.  
 
Manuscripts submitted, in revision, or in review (Attached in Appendix A) 
 
Cascone T, Herynk MH, Du D, Kadara H, Oborn CJ, Nilsson M, Park YY, Lee JS, Ciardiello F, 
Langley RR, Heymach JV.  A role for stromal EGFR activation in resistance to VEGF blockade 
in human non-small cell lung cancer (NSCLC) xenograft models.  Submitted. 
 
Flores LM, Kindelberger DW, Ligon AH, Capelletti M, Fiorentino M, Loda M, Cibas ES, Janne 
PA, Krop IE, Improved yields of circulating tumour cells facilitates molecular characterization 
and recognition of discordant HER2 amplification in breast cancer.  British Journal of Cancer, In 
Press. 
 
Abstracts (Attached in Appendix A) 
 
Cascone T, Herynk M, Du D, Kadara H, Hanrahan EO, Nilsson MB, Lin HY, Lee JJ, Park YY, 
Lee JS and Heymach JV (2009) Stromal HGF and V EGFR-1 are associated with acquired 
resistance to VEGFR tyrosine kinase inhibitors in non-small cell lung cancer (NSCLC). IASLC 
13th World Conference on Lung Cancer, San Francisco, CA, 2009. 7956. 
 
Cascone T, Herynk MH, Xu L, K adara H, Hanrahan EO, Y-H F, Saigal B, Y-Y P, Lee J J, 
Langley RR, Jurgensmeier JM, Ryan AJ and Heymach JV. Increased HGF is associated with 
resistance to VEGFR tyrosine kinase inhibitors (TKIs) in non-small cell lung cancer (NSCLC). 
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Proceedings of the 101 st Annual Meeting of the A merican Association for Cancer Research; 
2010 Apr 17-21; Washington, DC. Philadelphia (PA): AACR; 2010.1981. 376. 
 
Kim ES, Herbst RS, Lee JJ, Blumenschein Jr. GR, Tsao A, Alden CM, Tang X, Liu S, Stewart 
DJ, Heymach JV, Tran HT, Hicks ME, Erasmus Jr. J,  Gupta S, Powis G, Lippman SM,  Wistuba 
II, Hong WK. The BATTLE trial (Biomarker-integrated Approaches of Targeted Therapy for Lung 
Cancer Elimination): personalizing therapy for lung cancer Proceedings of the 1 01st Annual 
Meeting of the American Association for Cancer Research; 2010 Apr 17-21; Washington, DC. 
Philadelphia (PA): AACR; 2010. LB-1. 
 
Soria JC, Bennouna J, Leighl N, Khuri FR, Traynor AM. Johnson BE, Blais, N, Kay A, Jehl V, 
Papadimitrakopoulou V. Phase 2 study of everolimus plus erlotinib in previously treated patients 
with advanced non-small cell lung cancer. 34th Congress of the E uropean Society for Medical 
Oncology (ESMO), September 2009. P-9174.  
 
Saintigny P, Zhang L, Girard L, Fan YH, Lee JJ, Herbst RS, Kim ES, Coombes K, 
Blumenschein G, Tsao A, Lam DC, Gerald WL, Beer DG, Tang X, Lippman SM, Mao L, Hong 
WK, Wistuba I, Minna J, Heymach JV. Development and testing of a m RNA expression 
signature correlated with the pr esence of EGFR mutations in non-small cell lung cancer. 
Presented as poster at the AACR-IASLC Joint Conference Molecular Origins of Lung Cancer: 
Prospects for Personalized Prevention and Therapy, Coronado, CA; and, 10th Annual Targeted 
Therapies of the Treatment of Lung Cancer, Santa Monica, CA. 
 
Saintigny P, Byers LA, Zhang L, Yordy JS, Tang X, Girard L, Lang W, Fan YH, Ji L, Lee JJ, Kim 
ES, Hong WK, Lippman SM, Herbst RS, Minna J, Wistuba I, Heymach JV, Mao L. MYC down 
regulation and chemoresistance: evidence from the Biomarker-Based Approaches of Targeted 
Therapy for Lung Cancer Elimination (BATTLE) program. Proceedings of the 10 1st Annual 
Meeting of the American Association for Cancer Research; 2010 Apr 17-21; Washington, DC. 
Philadelphia (PA): AACR; 2010.1981. 
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CONCLUSIONS 
 
Aim 1: We are excited to report the completion of enrollment to the BATTLE program. Accrual 
to this ground-breaking study exceeded our goals.  We have supported the early efforts in 
biomarker discovery in collaboration with the other projects and have initiated formal data 
analysis.  A high-profile plenary session presentation was given by the BATTLE PI, Dr. Edward 
Kim at the 2010 AACR Annual Meeting in Washington, DC, to summarize the BATTLE results. 
 
Aim 2.1:  Both EGFR activating and EGFR T790M can be identified in 70% of patients with 
known tumor EGFR-activating (21/30) or T790M (5/7) mutations.  The secondary acquired 
resistance T790M EGFR mutation was identified from plasma DNA in 15 of the 28 (54%) 
patients with prior clinical response to gefitinib/erlotinib, 4 of 14 patients (29%) with prior stable 
disease, and in 0 of 12 patients with primary progressive disease or were untreated with 
gefitinib/erlotinib:   
 
The median cell count from patients with breast cancer using the CPK was 117 vs 4 for CEK 
(P<0.0001). Lung c ancer samples were similar; CPK: 145 c ells vs CEK:4 cells (P<0.0001). 
Recovered CTCs were relatively pure (60–70%) and were evaluable by FISH and 
immunofluorescence. A total of 10  of 30 ( 33%) breast cancer patients with HER2-negative 
primary and metastatic tissue had HER2-amplified CTCs.  These data provide evidence that we 
will likely be abl e to detec t MET amplification in circulating lung cancer cells in patients with 
EGFR sensitizing mutations.  
  
Aim 2.2:  Our results suggested that (a) resistance to IGF-1R antibody MK0646 does not seem 
to depend on the mutational status of EGFR or K-ras in vitro and (b) treatment with MK0646 
delayed tumor growth in H226B-GFP xenograft, while that treatment did not affect tumor growth 
in H226B-KRas xenograft. Response to MK0646 in vitro was not consistent to that in in vivo with 
H226B-GFP cells, and this discordance should be further investigated. 
 
Aim 2.3:  Our preclinical studies have identified a number of potential markers that predict 
response to VEGFR inhibitors.  We are interested to see if further testing proves these same 
markers can be us ed to predict response in patient samples.  In addi tion, our studies have 
identified a new population of cells that can be detected that identify circulating endothelial cells 
derived from tumor endothelium.  Analysis of this population of c ells in patients treated with 
angiogenesis inhibitors is likely to be a better prognostic marker of response to treatment. 
 
Several plasma CAFs are associated with specific tumor-derived pathway activation.  Our 
preliminary study suggests that br oad-based plasma profiling of c ytokines and angiogenic 
factors may be a feas ible approach for identifying markers of ac tivation of tum or signaling 
pathways.  In addition to the evaluation of pathway activation using plasma samples, we will be 
evaluating modulation of C AFs by each treatment arm and searching for potential predictive 
plasma signatures with clinical outcome measures such as progression-free survival (PFS). The 
final step will be to v alidate the pl asma predictive signature derived from BATTLE with other 
randomized clinical studies.  These studies can also validate our results that identify circulating 
VEGF as a predictive marker of response to angiogenic therapies in other clinical studies. 
 
Aim 2.4:  This finding is consistent with the increased disease control rate observed in patients 
treated with erlotinib plus bexarotene, compared to that a chieved in patients receiving erlotinib 
alone, in the BATTLE clinical trial (see Aim 1). Our finding explains at least in part the biological 
basis for the enhanced efficacy of the combination.  
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Aim 3:  During this project period, we demonstrated that global gene expression profiles can be 
successfully obtained using residual tumor biopsies after fulfilling required biomarker analysis. 
We optimized new RNA amplification protocols to produce high quality gene expression mRNA 
profiles for correlative analysis with tumors’ genetic and patients’ clinical parameters, including 
response and outcome after treatment.   
 
Aim 4:  Concurrent combination of an mTOR inhibitor and a PI3K inhibitor is a potential cancer 
therapeutic strategy as demonstrated by our research findings. Since the c ombination of an  
EGFR inhibitor and an mTOR inhibitor only demonstrated modest improvement in efficacy, our 
future plans will include the evaluation of predictive biomarkers for this combination and may 
lead to the evaluation of a new combination consisting of an mTOR inhibitor and a PI3K inhibitor 
based on our preclinical observations. 
 
Biostatistics and Data Management Core: In collaboration with clinical investigators, research 
nurses, the Biomarker Core, and basic scientists, the Biostatistics and Data Management Core 
has continued to deliver the biostatistics and data management support as proposed.   
 
Biomarker Core:  The Biomarker Core has successfully combined standard methods of 
histopathology processing and assessment of lung cancer tissue samples while using more 
advanced tools of molecular and genetic biomarker analyses to prospectively examine 
molecular biomarkers for individualized targeted therapy in all 324 NSCLC patients enrolled and 
biopsied.  We will continue to compare the pathology and biomarker expression of diagnostic 
tumor tissue specimens before chemotherapy with the s pecimens obtained in the BATTLE 
clinical trial. In addition, we will examine novel molecular abnormalities obtained in the mRNA 
profiling analysis of frozen tissue specimens using the residual tissue specimens banked. 
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Dual engagement of 14-3-3 proteins controls signal relay from ASK2

to the ASK1 signalosome

LM Cockrell1,2,4, MC Puckett1,2,4, EH Goldman1,2, FR Khuri3 and H Fu1,2,3

1Program in Molecular and Systems Pharmacology of the Graduate Division of Biological and Biomedical Sciences, Emory
University, Atlanta, GA, USA; 2Department of Pharmacology, Emory University, Rollins Research Center, Atlanta, GA, USA
and 3Department of Hematology and Medical Oncology, Winship Cancer Institute, Emory University, Atlanta, GA, USA

Faithful and efficient transmission of biological signals
through mitogen-activated protein kinase (MAPK) path-
ways requires engagement of highly regulated cellular
machinery in response to diverse environmental cues.
Here, we report a novel mechanism controlling signal
relay between two MAP3Ks, apoptosis signal-regulating
kinase (ASK) 1 and ASK2. We show that ASK2
specifically interacts with 14-3-3 proteins through phos-
phorylated S964. Although a 14-3-3-binding defective
mutant of ASK1 (S967A) has no effect on the ASK2/
14-3-3 interaction, both overexpression of the analogous
ASK2 (S964A) mutant and knockdown of ASK2 drama-
tically reduced the amount of ASK1 complexed with
14-3-3. These data suggest a dominant role of ASK2 in
14-3-3 control of ASK1 function. Indeed, ASK2 S964A-
induced dissociation of 14-3-3 from ASK1 correlated with
enhanced phosphorylation of ASK1 at T838 and increased
c-Jun N-terminal kinase phosphorylation, the two bio-
logical readouts of ASK1 activation. Our results suggest
a model in which upstream signals couple ASK2 S964
phosphorylation to the ASK1 signalosome through dual
engagement of 14-3-3.
Oncogene (2010) 29, 822–830; doi:10.1038/onc.2009.382;
published online 23 November 2009

Keywords: ASK1; ASK2; 14-3-3; apoptosis; mitogen-
activated protein kinase

Introduction

The evolutionarily conserved mitogen-activated protein
kinase (MAPK) cascades consist of tiered protein
kinases that undergo sequential phosphorylation and
activation, allowing specific signal amplification to elicit
a corresponding cellular response (Kyriakis and Avruch,
2001; Winter-Vann and Johnson, 2007). Each cascade
module consists of an MAPK, an MAPK kinase
(MAP2K), and an MAPK kinase kinase (MAP3K).

MAPK cascades are activated by diverse stimuli to
mediate multiple signaling pathways, resulting in a
crucial impact on cell fate processes such as cell growth,
differentiation and death. Among the MAPK cascades,
those triggered by the MAP3K apoptosis signal-regulat-
ing kinase 1 (ASK1) are critical determinants of
apoptosis (Wang et al., 1996; Ichijo et al., 1997; Takeda
et al., 2008). ASK1 activation leads to phosphorylation
and activation of MAP2K4/7 or MAP2K3/6 and the
resulting MAPKs c-Jun N-terminal kinase (JNK) and
p38 activation, respectively. A variety of intrinsic and
extrinsic cellular stress stimuli induce ASK1 activation.
For example, ASK1 relays signals from death receptors,
such as those activated by tumor necrosis factor a
(Chang et al., 1998). ASK1 is also activated by unfolded
protein response-induced endoplasmic reticulum stress
(Nishitoh et al., 2002). Recently, important physiological
and pathological roles of ASK1 have emerged to include
the regulation of innate immunity, cellular differentia-
tion, and various human diseases such as cardiac
hypertrophy and remodeling, insulin resistance, neuro-
degeneration and tumorigenesis (Izumiya et al., 2003;
Matsuzawa et al., 2005; Imoto et al., 2006; Osaka et al.,
2007; Iriyama et al., 2009). Because of its importance as a
central mediator of diverse developmental and stress
signals, ASK1 activation is tightly controlled. The newly
defined ASK1 signalosome reflects the numerous phos-
phorylation and protein interaction events critical to
maintain ASK1 regulation (Takeda et al., 2007).

One important ASK1 regulatory protein is 14-3-3, a
phosphoserine/threonine-recognition protein (Fu et al.,
2000; Yaffe, 2002; Mackintosh, 2004; Muslin and Lau,
2005; Aitken, 2006; Gardino et al., 2006; Morrison,
2009). 14-3-3 is a multifunctional regulatory protein that
is important in maintaining a multitude of cellular
processes, including cell cycle control, cell proliferation
and inhibition of apoptosis. Seven mammalian isoforms
of 14-3-3 have been identified and are denoted by Greek
lettering (g, t, z, s, b, e, Z). 14-3-3 binds to the majority
of its cellular ligands through a phosphorylated motif.
The canonical 14-3-3 recognition motif has been identified
as RSXpSXP, in which phosphorylation of the second
serine is critical for 14-3-3 recognition (Muslin et al., 1996;
Yaffe et al., 1997). Binding of 14-3-3 to ASK1 through a
phosphorylated S967 motif (RSIS967LP) has been shown to
decrease ASK1 kinase activity and inhibit ASK1-induced
apoptosis (Zhang et al., 1999a, 2003; Goldman et al., 2004).
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Recently, another MAP3K, ASK2, was found to bind
with ASK1 (Wang et al., 1998b). ASK2 has been shown
to function as a tumor suppressor in combination with
ASK1, and ASK2 levels are reduced in human gastro-
intestinal cancers (Iriyama et al., 2009). The heteromeric
complex of ASK1 and ASK2 is thought to have reci-
procal functionality, which means that ASK1 and ASK2
function to activate each other (Osaka et al., 2007).
ASK2 activation of ASK1 is mediated by phosphory-
lation of T838 within the activation loop of the human
ASK1 kinase domain, whereas ASK1 activation of
ASK2 seems to occur through a phosphorylation-
independent mechanism. Thus, dissection of ASK1-
associated protein interactions may offer opportunities
to gain further understanding of the general mechanisms
controlling signal transmission through MAP3Ks.

Here we describe a novel mechanism by which ASK2
suppresses ASK1 function through the induced recruit-
ment of 14-3-3 proteins. Our work establishes a new
signaling complex consisting of ASK2, ASK1 and 14-3-
3, suggests an inhibitory function of ASK2 for ASK1,
and reveals a dynamic signal-relay function for the
family of 14-3-3 proteins.

Results

ASK2 specifically interacts with 14-3-3 proteins
In our mechanistic study of the ASK1 signalosome, we
noticed the presence of a putative 14-3-3 recognition

motif surrounding S916 (RSPS916SP) in the C-terminus
of ASK2. This motif fits well with the defined consensus
14-3-3 binding motif, RSXpSXP, and raises the possibi-
lity of ASK2 as a new 14-3-3 target protein (Gardino
et al., 2006). To test whether ASK2 interacts with 14-3-3,
we carried out a series of affinity pulldown assays using
Ni2þ -charged resin to isolate hexahistidine (6xHis) tagged
14-3-3g protein complexes from COS7 cell lysates. 14-3-
3g K50E, a ligand-binding defective mutant, was used as
a control (Thorson et al., 1998; Zhang et al., 1999b). As
revealed by western blot, glutathione S-transferase
(GST)-ASK2 was found within the 14-3-3g wild-type
(WT) complex, but was absent in the K50E complex
(Figure 1a), suggesting a specific interaction of ASK2
with 14-3-3g. Consistent with a potential role of ASK2
S916 in 14-3-3 binding, a truncated ASK2 lacking the
sequence N-terminal to the kinase domain (ASK2–KC:
638–1288 aa) was still capable of binding with 14-3-3g
(Figure 1a). To confirm this interaction, a reciprocal
experiment was performed. When Flag-ASK2–KC was
isolated from COS7 cell lysates using co-immunoprecipi-
tation (co-IP), 14-3-3g WT, but not K50E, was found in
the resulting ASK2 protein complex (Figure 1b). In
further support of these results, 14-3-3g was also able
to pull down endogenous ASK2 (Figure 1c). Together,
the above data suggest that ASK2 specifically interacts
with 14-3-3g through a binding site mapped to the KC
fragment of the ASK2 protein. Therefore, ASK2–KC
was used to further characterize binding with 14-3-3 in
subsequent experiments.

Figure 1 Interaction of apoptosis signal-regulating kinase 2 (ASK2) with 14-3-3 proteins. (a) ASK2 is in complex with 14-3-3g. COS7
cells were co-transfected with either glutathione S-transferase (GST)-ASK2 or GST-ASK2–KC and hexahistidine (6xHis)-14-3-3g wild
type (WT) or K50E. The 14-3-3 protein complex was isolated 40 h after transfection with Ni2þ-charged resin and bound ASK2 was
visualized by western blot. (b) 14-3-3 binds to ASK2 in a reverse co-immunoprecipitation (co-IP) assay. COS7 cell lysates over-
expressing Flag-ASK2–KC and 6xHis-14-3-3g WT or K50E were used to isolate the ASK2–KC complex with an anti-Flag antibody.
The resulting ASK2 protein complex was used for the detection of 14-3-3 by western blot. (c) 14-3-3 specifically binds endogenous
ASK2. COS7 cells were transfected with 6xHis-14-3-3g (WT or K50E). The 14-3-3 g complex was isolated with Ni2

þ -charged resin, and
endogenous ASK2 was detected by western blot. (d) Interaction of ASK2 with multiple 14-3-3 isoforms. The isolation of the 14-3-3
isoform complex and the detection of ASK2 in each 14-3-3 complex were determined as in (a). (e) Competitive binding of ASK2 to
14-3-3 with defined 14-3-3 peptide antagonists. The 14-3-3/ASK2 complexes were isolated with an affinity pulldown assay as in (a),
either in the presence or in the absence of antagonistic peptides (pSer259Raf and R18). Non-phosphorylated Raf peptide (Raf) or a
randomized R18 peptide (R18rand) was used as control.
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There are seven 14-3-3 isoforms in mammalian cells
(g, t, z, s, b, e, Z). 14-3-3 interaction with ASK2 is not
unique to the g isoform, as ASK2 was found in complex
with all seven 14-3-3 isoforms (Figure 1d). These data
imply that ASK2 may use a common binding site within
14-3-3 proteins, such as the conserved amphipathic
groove within the 14-3-3 structure (Gardino et al.,
2006). To test this possibility, we used two approaches:
peptide competition assay and mutational analysis.
Indeed, two well-defined 14-3-3 groove-binding pep-
tides, a phosphorylated Raf peptide (pSer259-Raf)
and an unphosphorylated antagonist peptide (R18),
effectively competed away ASK2’s interaction with
14-3-3g (Figure 1e) (Muslin et al., 1996; Petosa et al.,
1998; Wang et al., 1999). Conversely, inclusion of the
respective peptide controls, unphosphorylated Raf
peptide (Raf) or randomized R18 peptide (R18rand),
showed no competitive effect. In further support of
the involvement of the amphipathic groove in ASK2
binding, several charge-reversal mutations of 14-3-3z
amino acid residues within the groove (K49E, R56E,
R60E, V176D) greatly diminished interaction with
ASK2 (data not shown; Wang et al., 1998a, b; Zhang
et al., 1999b). These data show how the amphipathic
groove of 14-3-3 proteins is used as an ASK2 docking
site, allowing common and specific binding between
14-3-3 and ASK2.

ASK2 requires phosphorylation for 14-3-3 binding
We found that incubation of cell lysates at 37 1C led to a
decrease in ASK2’s interaction with 14-3-3g (Figure 2a).
This decrease is likely due to the increased action of an
endogenous protein phosphatase(s), as the presence of a
consensus motif (RSPS916SP) within ASK2 predicts a
phosphorylation requirement for recognition by 14-3-3.
In support of this notion, the inclusion of general
phosphatase inhibitors during this incubation prevented
the dissociation (Figure 2a). The phosphorylation
dependence of the interaction was further confirmed in
a separate assay, in which calf intestinal phosphatase
was shown to accelerate the dissociation of ASK2 from
14-3-3 (data not shown). This phenomenon allowed the
use of more specific phosphatase inhibitors to validate
the requirement of phosphorylation for the interaction
and to define the class of protein phosphatases involved.
At lower concentrations, okadaic acid is more specific
for inhibition of the PP1/PP2A phosphatase family,
whereas cyclosporine A is specific for inhibition of
PP2B, or calcineurin (Cohen et al., 1989). Treatment of
cells with okadaic acid, but not cyclosporine A, led to a
dramatic increase in the amount of the ASK2/14-3-3g
complex (Figure 2b). From these data, we conclude that
ASK2’s interaction with 14-3-3 is negatively regulated
by the PP1/PP2A phosphatase family, supporting the
importance of a regulated phosphorylation dictating the
ASK2/14-3-3 interaction.

14-3-3 binds ASK2 through a novel S964-mediated motif
Both the phosphorylation dependence of the ASK2/14-
3-3 interaction and the presence of a putative 14-3-3

binding motif within the ASK2 sequence (RSPS916SP)
predict the importance of S916 as the critical phospho-
acceptor mediating 14-3-3 interaction (Figure 3a). To
test whether the S916-containing motif is indeed
an essential determinant of 14-3-3 interactions, we
performed a competitive binding assay using a phos-
phorylated peptide representing the residues surround-
ing S916 (pSer916-ASK2). Unexpectedly, this peptide
failed to compete with ASK2 for 14-3-3 binding, even at
concentrations up to 100 mM (Figure 3b). Intriguingly,
this peptide also did not disrupt the interaction of 14-3-3
with Raf-1, another well-defined 14-3-3 client protein.
However, it remained possible that this peptide did not
have the correct conformation for effective competition.
To specifically test whether ASK2 S916 was necessary
for 14-3-3 binding, we performed site-directed mutagen-
esis to generate a nonphosphorylatable GST-ASK2
S916A mutant. GST-ASK2 S916A was fully capable
of binding to 14-3-3g (Figure 3c). We also mutated the
serines within and around this predicted 14-3-3 binding
motif in ASK2, generating S912A, S914A and S917A.
However, none of these mutations showed any effect on
the ASK2/14-3-3 association (Figure 3c). The failure of
these mutations to inhibit ASK2 binding with 14-3-3,
together with the lack of peptide competition using the
putative phosphorylated motif, suggests that 14-3-3
targets a structure other than the S916-mediated motif
for binding.

In search of the 14-3-3 binding site, we generated a
series of deletion mutants within GST-ASK2–KC to
further narrow down the binding region (depicted in

Figure 2 The apoptosis signal-regulating kinase 2 (ASK2)/14-3-3
interaction requires phosphorylation. (a) Phosphatase inhibition
increased the amount of ASK2/14-3-3 interaction. Cell lysates with
co-expressed glutathione S-transferase (GST)-ASK2–KC and
hexahistidine (6xHis)-14-3-3g were divided into two samples, and
incubated at 37 1C either in the presence or in the absence of 50mM

phosphatase inhibitors (Na4P2O7, NaF, Na3VO4). The lysate was
removed at the indicated times and subjected to affinity pulldown
and western blot as in Figure 1a. (b) An inhibitor of the protein
phosphatase 2A family blocks ASK2’s dissociation from 14-3-3.
Cells co-expressing GST-ASK2–KC and 6xHis-14-3-3g were
treated with increasing concentrations of either okadaic acid or
cyclosporine A (Sigma), or vehicle (ethanol or methanol, respec-
tively), for 1 h. Cell lysates were used in an affinity pulldown assay
as described in Figure 1a.
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Figure 3a). Using these truncations, we localized the
binding site within the ASK2 sequence between N937
and V973 (data not shown). Examination of the amino
acid sequence within this region revealed that the most
likely site for 14-3-3 recognition was a motif surround-
ing serine 964 (RCLS964YG; Figure 3a). We then
mutated the S964 residue to alanine (S964A), and used
this mutant in an affinity pulldown assay. Mutation
of this site did not affect the autokinase activity of
ASK2 (Supplementary Figure S1). However, the single
S964A point mutation alone was sufficient to diminish
ASK2’s interaction with 14-3-3 (Figure 3d), suggesting
that phosphorylation at S964 has an essential function
in 14-3-3 binding. Although minimal 14-3-3 binding was
still seen to the S964A mutant, the significant loss
of binding indicates that S964 is a critical 14-3-3 bind-
ing site. Thus, this study identifies S964 as the primary
14-3-3 recognition site within the ASK2 protein, and
defines a novel, noncanonical 14-3-3 motif that may be
present in other 14-3-3 client proteins.

14-3-3 is present in a ternary complex with ASK1
and ASK2
It is interesting to note that 14-3-3 interacts with both
ASK2 and ASK1 (Zhang et al., 1999a) (Figure 1). This
suggests the possibility of the formation of an ASK2/
ASK1/14-3-3 ternary complex within the ASK1 signalo-
some. To test this model, affinity pulldown assays
were performed with COS7 cell lysates transfected
with HA-ASK1, GST-ASK2 and 6xHis-14-3-3g. Indeed,

both ASK1 and ASK2 were present in the resulting
14-3-3 protein complex (Figure 4a). This complex occur-
red independently of the expression of either the full-
length or the KC versions of GST-ASK2. Further, this
ternary complex was confirmed with reverse pulldown
assays, which showed that 14-3-3 and ASK1 were found
in the GST–ASK2 complex, and 14-3-3 and ASK2 were
in the HA–ASK1 complex (data not shown). Neither
ASK1 nor ASK2 was present in the 6xHis-14-3-3gK50E
pulldown, suggesting that the ternary complex was
mediated specifically by the amphipathic groove of
14-3-3. However, the above results did not rule out
the possibility that ASK1/14-3-3 and ASK2/14-3-3 may
be present in separate binary protein complexes. We
therefore set out to test the specificity and functional
significance of this ternary complex.

ASK2/14-3-3 interaction dictates ASK1/14-3-3
interaction
The interaction of 14-3-3 with both ASK2 and ASK1 is
dynamically regulated by phosphorylation through S964
of ASK2 and S967 of ASK1 (Zhang et al., 1999a)
(Figure 3d). Point mutation of these sites to alanine
allows the generation of ASK1 or ASK2 proteins that
are specifically defective in 14-3-3 binding, permitting
the examination of 14-3-3’s contribution to the ASK1/
ASK2 complex. We used 14-3-3-binding defective
mutants of ASK1 (S967A) and ASK2 (S964A) to
establish the interplay among 14-3-3, ASK2 and ASK1
in the ternary protein complex. These point mutations

Figure 3 Determination of the 14-3-3 binding site within apoptosis signal-regulating kinase 2 (ASK2). (a) Schematic of the predicted
14-3-3 recognition motifs within ASK2. Amino acid sequences surrounding the tested 14-3-3 binding motifs within ASK2 are shown,
along with truncations and Ser to Ala mutations used in (c) and (d). Binding results summarized as positive (Y) or negative (N).
(b) Competition with a pSer916-ASK2 peptide (NH2-CQPGKRSRSPpSSPRH-COOH) has no effect on the interaction of ASK2 with
14-3-3. Experiments were performed as in Figure 1d, and the 14-3-3/Raf-1 interaction was used as a control. (c) Mutations in the S916
motif of ASK2 fail to disrupt 14-3-3 binding. Point mutations were generated as shown, and the presence of mutated ASK2 in the 14-3-
3 complex was determined as in Figure 1a. (d) ASK2 S964A abolishes binding to 14-3-3. COS7 cells were co-transfected with 6xHis-14-
3-3g and glutathione S-transferase (GST)-ASK2 and GST-ASK2–KC wild-type (WT) or S964A mutants. After transfection, cells were
lysed and used in the previously described 14-3-3 affinity pulldown assay.
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Figure 4 Association of apoptosis signal-regulating kinase 2 (ASK2) with ASK1 and 14-3-3 in a ternary complex. (a) ASK2, ASK1
and 14-3-3 exist in a multi-protein complex. HA-ASK1 and glutathione S-transferase (GST)-ASK2 were co-transfected into COS7 cells
with either hexahistidine (6xHis)-14-3-3g wild type (WT) or K50E. Cell lysates were used in a 14-3-3 affinity pulldown assay, and the
presence of ASK1 and ASK2 was revealed by anti-HA and anti-GST antibodies in a western blot. (b) Phosphorylation status of ASK2
S964 controls the association of 14-3-3 with ASK1. COS7 cells were transfected with the expression plasmids for 6xHis-14-3-3g (WT or
K50E), HA-ASK1 (WT or S967A) and GST-ASK2–KC (WT or S964A). 14-3-3g protein complexes were isolated by affinity pulldown
and associated ASK1, ASK2 and Raf-1, and the phosphorylation status of ASK1 at S967 was detected using the respective antibodies
by western blot. (c) Increased expression of ASK2 S964A is correlated with decreased association of ASK1 from 14-3-3. COS7
cells were co-transfected with HA-ASK1 WT and 6xHis-14-3-3g, along with increasing amounts of expression vectors for either GST-
ASK2–KCWT or S964A. The amount of ASK1 in the resulting 14-3-3 affinity pulldown complex from each sample was determined as
in Figure 1a. (d) Quantification of data from (c). The relative percentage of ASK1 in each 6xHis-14-3-3g pulldown sample is shown.
Lysates containing GST-ASK2–KC WT and S964A are indicated by solid circles (�) and squares (’), respectively. (e) ASK2 S964A
mutation diminishes the association between endogenous ASK1 and 14-3-3. HeLa cells were transfected with pcDNA or GST-ASK2–
KC (WT or S964A). Following transfection, endogenous ASK1 was immunoprecipitated from the cell lysates using a specific anti-
ASK1 antibody. Endogenous 14-3-3 in the ASK1 co-immunoprecipitation (co-IP) was detected with a pan anti-14-3-3 antibody by
western blot. (f) ASK2 knockdown diminishes endogenous ASK1/14-3-3 binding. HeLa cells were transfected with shRNAmir
constructs targeting ASK2 or pGIPz empty vector control. Cells were selected with puromycin, and endogenous ASK1 was
immunoprecipitated from lysates using a specific anti-ASK1 antibody. Endogenous 14-3-3 in the ASK1 co-IP was detected with a pan
anti-14-3-3 antibody by western blot.
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did not affect the interaction between ASK1 and ASK2
(Supplementary Figure S2). The ASK2/14-3-3 inter-
action seems to be independent of the ASK1/14-3-3
interaction, as overexpression of neither ASK1 WT nor
S967A induced any detectable change in ASK2/14-3-3
binding (Figure 4b). However, the ability of ASK2 to
bind 14-3-3 showed a dramatic impact on 14-3-3’s
interaction with ASK1. As previously shown, ASK1
WT is associated with 14-3-3, whereas ASK1 S967A
has diminished 14-3-3 binding (Zhang et al., 1999a).
Unexpectedly, when ASK2–KC WT was overexpressed
along with ASK1 S967A and 14-3-3g, ASK1 S967A
was found in the 14-3-3g complex (Figure 4b). One
explanation for these results is that enhanced ASK2 WT
expression increased the amount of ASK1 S967A in the
ASK2/ASK1 protein complex, which was then pulled
down with 14-3-3. However, overexpression of mutated
ASK2 (S964A) dramatically decreased the amount
of ASK1 WT in the 14-3-3 complex, lending strong
support to a functional and regulated ternary protein
association (Figure 4b). Importantly, the effect of
ASK2 S964A could be recapitulated with endogenous
14-3-3/ASK1 interaction as well (Figure 4e). To further
validate the ASK2 effect, dose–response experiments
were carried out. Increasing amounts of ASK2 S964A,
but not WT, led to a corresponding decrease in the
amount of ASK1 appearing within the 14-3-3 complex
(Figures 4c and d).

We further explored the specificity of the ASK2/
ASK1/14-3-3 ternary complex formation by probing
the effect of ASK2 or ASK1 on the interaction of 14-3-3
with Raf-1, another well-characterized MAP3K that
binds 14-3-3. Interestingly, endogenous Raf-1 binding to
14-3-3 was unaffected by the overexpression of either
WT or mutated ASK1 or ASK2 (Figures 4b and c).
These data suggest that the ASK2/ASK1/14-3-3 ternary
complex is distinct from the 14-3-3/Raf-1 complex.

To further support the hypothesis that ASK2
regulates the ASK1/14-3-3 interaction, we performed
ASK2 silencing experiments and examined the effect
of reducing ASK2 on endogenous ASK1/14-3-3 bind-
ing (Figure 4f). When ASK2 expression was knocked
down, endogenous 14-3-3 binding to ASK1 was greatly
reduced, indicating that ASK2 has a substantial role in
regulating the interaction between these two proteins.
Together, these results show that ASK2, ASK1 and
14-3-3 form a specific and unique ternary complex, in
which the interaction between ASK2 and 14-3-3
determines the extent of ASK1 binding to 14-3-3.

ASK2/14-3-3 interaction controls ASK1 function
Previous studies have shown that 14-3-3 binding
suppresses ASK1 activity by maintaining S967 in a
phosphorylated state, inhibiting ASK1-mediated JNK
pathway activation (Zhang et al., 1999a, 2003; Min
et al., 2008). We reasoned that ASK2 might exert
control over ASK1 by dictating the action of 14-3-3
within this ternary complex. To probe the functional
consequence of the dynamically regulated ASK2/14-3-3
interaction, we examined the effect of the 14-3-3-binding

defective mutant of ASK2 (S964A) on the phosphoryla-
tion status of ASK1 at S967 and the activation state of
ASK1. Indeed, co-expression of ASK2 S964A resulted
in a decrease in ASK1 S967 phosphorylation, an effect
not observed on ASK2 WT expression (Figure 4b).
Although ASK1 S967A showed enhanced ASK1 activ-
ity (T838 phosphorylation) over ASK1 WT, the ASK1
WT activity was also stimulated on co-expression with
ASK2 S964A, supporting an ASK2-mediated inhibitory
role of 14-3-3 in the ternary complex (Figure 5a).

As an additional biological readout of ASK1 activity,
we monitored JNK activation. As we have previously
shown, dephosphorylation of ASK1 at S967 is corre-
lated with an increase in ASK1 kinase activity and
ASK1-induced apoptotic signaling (Zhang et al., 1999a;
Goldman et al., 2004). After co-expression of ASK1
with ASK2 (WT or S964A), JNK activation was
determined by western blot with an antibody directed
against phosphorylated T183/Y185 of JNK (Figures 5b
and c). Co-expression of ASK2–KC S964A showed a
statistically significant increase in JNK activation
(P¼ 0.028) compared with ASK1 expression plus
control pcDNA. No statistically significant increase in
JNK activation was seen with expression of ASK2–KC
S964A alone (P¼ 0.130). These results indicate that
ASK2’s interaction with 14-3-3 is critical to allow 14-3-3
to engage and suppress ASK1, leading to a reduction
in ASK1-mediated JNK signaling. Further evidence in
support of a physiological role of an ASK2/14-3-3
connection in the regulation of the ASK1–JNK axis is
provided by our peptide inhibitor study, in which
disruption of the ASK2/ASK1 interaction was corre-
lated with decreased ASK1/14-3-3 interaction and
H2O2-induced JNK activation (M Puckett, L Cockrell
and H Fu, unpublished data).

Discussion

Our data suggest a novel mechanism of ASK1 signalo-
some regulation, through ASK2-mediated recruitment
of 14-3-3 proteins under certain physiological condi-
tions, such as cells receiving survival signals (Figure 5d).
Our proposed model predicts an ASK2 kinase that
phosphorylates S964 in response to a survival-promot-
ing signal, which in turn induces association of ASK2
with 14-3-3 and recruits 14-3-3 to the ASK2/ASK1
complex. This allows 14-3-3 to bind to and suppress
ASK1 through phosphorylated S967. Conversely, sig-
nals that promote dephosphorylation of ASK2 at S964
are expected to disengage 14-3-3 from ASK2, triggering
14-3-3’s dissociation from the ASK1 complex. Once
removed, the ASK1 signalosome is free of 14-3-3-
imposed inhibition, allowing activation of downstream
effector pathways, such as JNK stimulation. In this way,
ASK2 functions as a dual regulator in the ASK1
signalosome: serving as an ASK1 activator under
stress conditions (Takeda et al., 2007) while acting as
an ASK1 suppressor by recruiting 14-3-3 under other
conditions such as cell survival. Thus, ASK2 provides a
signal integration point by which external or internal
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environmental signals are faithfully transmitted to
ASK1 through engaging the phospho-binding protein
14-3-3, leading to either activation or suppression of
ASK1 signaling. Even though 14-3-3 also interacts with
another MAP3K Raf-1, the interaction status of ASK2

with 14-3-3 showed no obvious effect on the 14-3-3/
Raf-1 association, suggesting a functionally distinct
ASK2/14-3-3/ASK1 signaling complex. Because 14-3-3
proteins bind most members of the MAP3K family, this
may represent a general mechanism by which 14-3-3

Figure 5 Effect of apoptosis signal-regulating kinase 2 (ASK2)/14-3-3 association on ASK1 function. (a) The phosphorylation state
of ASK2 at S964 affects ASK1 activation. COS7 cells were co-transfected with HA-ASK1 (wild type (WT) or S967A) and glutathione
S-transferase (GST)-ASK2–KC (WT or S964A). Activation of ASK1 was assessed by phosphorylation of T838 determined by western
blot with a phospho-T838 specific antibody. (b) Expression of ASK2 S964A enhances ASK1–c-Jun N-terminal kinase (JNK) signaling.
COS7 cells were transfected with HA-ASK1 and either GST-ASK2–KC S964A or a control pcDNA vector. JNK activation status in
the resulting cell lysates was revealed by western blot with an anti-pT183/Y185 JNK specific antibody. (c) Quantification of pJNK to
JNK ratio. Values given are mean±standard error (n¼ 5). (d) Working model. Under stress conditions, ASK1 and ASK2 exist in a
heteromeric complex, and are dephosphorylated at S967 and S964, respectively. In this complex, ASK2 facilitates ASK1 activation
through phosphorylation of T838, whereas ASK1 exhibits positive feedback regulation on ASK2 through stabilization of the ASK2
protein (Osaka et al., 2007). These activities culminate in the activation of ASK1 downstream signals, leading to ASK1-induced
apoptosis. Conversely, under conditions of cell survival, ASK2 S964 is phosphorylated through a pro-survival kinase-signaling
cascade, generating a high-affinity 14-3-3 docking site. On phosphorylation at S964, ASK2 recruits 14-3-3 to the ASK2/ASK1
complex, leading to an interaction with ASK1 through phosphorylated S967 and subsequent suppression of the ASK1 signalosome.

ASK1/ASK2/14-3-3 ternary complex
LM Cockrell et al

828

Oncogene



regulates signal relay among MAP3Ks to ensure
signaling integrity in various physiological processes.

Materials and methods

Cell culture, DNA transfection and plasmids
COS7 and HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium and plasmid transfections were performed
using FuGene6 or Fugene HD (Roche, Boulder, CO, USA)
as previously described (Ichijo et al., 1997; Zhang et al., 1999a;
Subramanian et al., 2004). ASK2–KC and full-length ASK2
were amplified by PCR and cloned into the pDEST27 GST
mammalian expression vector (Invitrogen, Carlsbad, CA,
USA). Primer sequences are available in Supplementary data.

ASK2 knockdown
Plasmids encoding ASK2 shRNAmir constructs (RH54430-
98513431 and RH54430-98903615) were purchased from Open
Biosystems (Huntsville, AL, USA). HeLa cells were trans-
fected with shRNAmir plasmid using Fugene HD (Roche)
(Ichijo et al., 1997; Zhang et al., 1999a; Subramanian et al.,
2004). Transfected cells were selected with puromycin (2mg/ml)
for 3 days.

Protein interaction assays
Affinity pulldown assay. Cells were lysed in 200 ml of pull-
down lysis buffer (Goldman et al., 2004). HexaHis-tag fusion
proteins in the clarified cell lysates were isolated with Ni2þ-
charged resin (Novagen, Madison, WI, USA) as described
(Subramanian et al., 2004).

Co-IP assay. Cells were lysed in either 200 ml (COS7) or
1000ml (HeLa) of co-IP lysis buffer (Goldman et al., 2004).
Cleared cell lysates were incubated with Protein A or G
conjugated sepharose (GE Healthcare, Piscataway, NJ, USA)
and the appropriate antibody for 2 h to overnight at 4 1C.
Following incubation, the resin was washed three times with
lysis buffer and protein samples were eluted by boiling in
6� SDS sample buffer for western blot analysis.

Phosphatase assay
Cleared lysates of COS7 cells were divided into two samples,
a ‘plus inhibitors’ sample with added phosphatase inhibitors

(Na4P2O7, NaF, Na3VO4), and a ‘minus inhibitors’ control
sample. Time-course experiments were carried out as indi-
cated. Lysates were then subjected to affinity pulldown as
described above.

Western blotting
Proteins were separated on 8% or 12.5% SDS–PAGE gels
and transferred to a nitrocellulose membrane, which were
blocked with 5% milk. Membranes were probed overnight
with anti-GST, anti-14-3-3 K19, anti-6xHis, anti-Raf anti-
ASK1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-Flag M2 (Sigma, St Louis, MO, USA), anti-ASK2
(Abnova, Taipei, Taiwan), or anti-phospho Ser967 ASK1
(Cell Signaling Technologies, Boston, MA, USA) antibodies,
diluted in 5% milk. Corresponding horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology)
were used against each primary antibody. Proteins were
detected using West-Pico or West-Dura enhanced chemilumi-
nescent detection reagents (Pierce, Rockford, IL, USA) and a
Kodak imaging system. Densitometry was performed with
Kodak 1D imaging software, and statistical analysis was
carried out using the Student’s t-test.
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Cancer Therapy: Clinical

Baseline Vascular Endothelial Growth Factor Concentration

as a Potential Predictive Marker of Benefit from Vandetanib

in Non–Small Cell Lung Cancer

Emer O. Hanrahan,1 Anderson J. Ryan,2 Helen Mann,2 Sarah J. Kennedy,2 Peter Langmuir,3

Ronald B. Natale,4 Roy S. Herbst,1 Bruce E. Johnson,5 and John V. Heymach1

Abstract Purpose: Vandetanib [vascular endothelial growth factor (VEGF) receptor/epidermal

growth factor receptor/RET inhibitor] has shown improvements in progression-

free survival (PFS) in advanced non-small cell lung cancer in three randomized phase

II studies: vandetanib versus gefitinib (study 3), docetaxel ± vandetanib (study 6), and

carboplatin-paclitaxel and/or vandetanib (study 7). In study 7, vandetanib monotherapy

was inferior to carboplatin-paclitaxel. We performed an exploratory retrospective anal-

ysis of the relationship between baseline circulating VEGF concentrations and PFS.

Experimental Design: Mean baseline VEGF levels were determined by ELISA from two

baseline samples of plasma (163 of 168 patients, study 3; 65 of 127, study 6) or serum

(144 of 181, study 7). High baseline VEGF values were above the immunoassay refer-

ence range for healthy subjects; low baseline VEGF values were within the range.

Results: Patients with low baseline VEGF had a lower risk of disease progression with

vandetanib versus gefitinib [hazard ratio (HR), 0.55; 95% confidence interval (95% CI),

0.35-0.86; P = 0.01] or vandetanib 100 mg/d + docetaxel versus docetaxel (HR, 0.25; 95%
CI, 0.09-0.68; P = 0.01). High VEGF patients had a similar risk of disease progression

with vandetanib monotherapy versus gefitinib (HR, 1.03; 95% CI, 0.60-1.75; P = 0.92)

or vandetanib 100 mg/d + docetaxel versus docetaxel (HR, 0.95; 95% CI, 0.25-3.61;

P = 0.94). In study 7, low VEGF patients had a similar risk of disease progression with

vandetanib monotherapy 300 mg/d versus carboplatin-paclitaxel (HR, 0.80; 95% CI,

0.41-1.56; P = 0.51); high VEGF patients progressed more quickly (HR, 1.60; 95% CI,

0.81-3.15; P = 0.17).
Conclusions: These analyses suggest that low baseline circulating VEGF may be pre-

dictive of PFS advantage in patients with advanced non-small cell lung cancer receiving

vandetanib versus gefitinib or vandetanib + docetaxel versus docetaxel. Moreover, pa-

tients with low VEGF levels may have a similar outcome with either vandetanib mono-

therapy or carboplatin-paclitaxel.

Angiogenesis is the process of new blood vessel formation
from existing vessels. Generally, tumors cannot grow beyond 1
to 2 mm3 without developing a vascular supply (1, 2). In normal
physiologic processes, angiogenesis is closely controlled by the
balance of proangiogenic and antiangiogenic factors, but this
equilibrium is disrupted in the malignant state by the release

of proangiogenic factors from the tumor and its stromal cells
(3, 4). Vascular endothelial growth factor (VEGF), an up-regulat-
ed, critical proangiogenic factor in tumors, promotes endothelial
cell growth, survival, and migration and mediates vessel perme-
ability, thereby facilitating tumor progression and metastatic
spread (5–7). Agents targeting the VEGF signaling pathway are
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now in clinical use for a variety of advanced solid tumors. These
include bevacizumab, an anti-VEGF monoclonal antibody, for
non-small cell lung cancer (NSCLC), colorectal and breast can-
cers, and sunitinib and sorafenib, multitargeted receptor tyrosine
kinase inhibitors (TKI) with activity against VEGF receptors
(VEGFR), for the treatment of renal cell carcinoma (8–13). Many
other VEGFR TKIs are currently in clinical development (14).

Vandetanib (ZACTIMA) is a once-daily oral receptor TKI with
activity against VEGFR-2, epidermal growth factor receptor
(EGFR), and RET. It has shown improvements in progression-
free survival (PFS) in advanced NSCLC in three randomized
phase II trials (Table 1), 6474IL/0003, 0006, and 0007 (hereaf-
ter called studies 3, 6, and 7, respectively), and is now being
further evaluated in the phase III setting. In study 3, there was
an improvement in PFS with vandetanib 300 mg/d compared
with gefitinib (IRESSA) 250 mg/d (15). Study 6 compared doc-
etaxel alone or in combination with vandetanib at either 100 or
300 mg/d (16). PFS was superior with docetaxel + vandetanib
100 mg/d versus docetaxel alone. In study 7, combining vande-
tanib 300 mg/d with carboplatin-paclitaxel produced a greater
PFS benefit than carboplatin-paclitaxel alone (17). In this
study, the vandetanib 300 mg/d monotherapy arm was inferior
to carboplatin-paclitaxel alone. Nevertheless, the disease con-
trol rate with vandetanib monotherapy was 26% (partial re-
sponse or stable disease for at least 12 weeks), and a subset
of patients (11%) remained on single-agent vandetanib for at
least 6 months.

Whereas these phase II results show the potential of vandeta-
nib therapy in NSCLC, the identification of pretreatment bio-
markers that may predict which patients are most likely to
derive the greatest benefit from vandetanib or other inhibitors
of VEGF signaling is of considerable interest. Circulating VEGF

levels have been shown previously to be both a prognostic
marker in cancer(18) and a pharmacodynamic marker of
VEGFR-2 inhibition (11, 19–21).We hypothesized that circulat-
ing VEGF levels have the potential to be a predictive marker of
clinical benefit in patients with advanced NSCLC treated with
vandetanib. We therefore performed exploratory analyses of
pretreatment blood samples from patients enrolled in studies
3, 6, and 7 to determine if VEGF concentrations might be pre-
dictive of benefit from vandetanib monotherapy or vandetanib
in combination with docetaxel or carboplatin-paclitaxel chemo-
therapy.

Materials and Methods

Data from three separate randomized phase II trials of vandetanib in
advanced NSCLC are included in this analysis: studies 3, 6, and 7. The
design and results of these trials are described in detail elsewhere and
are briefly outlined here and summarized in Table 1 (15–17).

Study designs and treatments administered. In study 3, 168 patients
with advanced NSCLC who had progressed despite first- or second-line
platinum-based therapy were randomized 1:1 to receive continuous
oral dosing with vandetanib 300 mg/d or gefitinib 250 mg/d (Table
1). The primary objective was to determine if vandetanib prolonged
PFS relative to gefitinib. On disease progression, eligible patients had
the option of switching to the alternative therapy.

In study 6, 127 patients with locally advanced or metastatic NSCLC
who had progressed following first-line platinum-based chemotherapy
were randomized 1:1:1 to one of three treatment arms: docetaxel (75
mg/m2 intravenously every 21 days) + placebo, docetaxel + vandetanib
100 mg/d, or docetaxel + vandetanib 300 mg/d. The primary objective
was to determine whether vandetanib (100 or 300 mg) + docetaxel pro-
longed PFS compared with placebo + docetaxel.

In study 7, 181 patients with previously untreated, locally advanced,
metastatic, or recurrent NSCLC were randomized 2:1:1 to one of three
treatment arms: vandetanib 300 mg/d, carboplatin-paclitaxel (carbo-
platin, AUC 6 mg/mL min; paclitaxel, 200 mg/m2; intravenously every
21 days) + placebo, or carboplatin-paclitaxel + vandetanib 300 mg/d.
The primary objective was to determine whether vandetanib ± carbo-
platin-paclitaxel prolonged PFS compared with carboplatin-paclitaxel
alone.

Tumor response and disease progression were determined by Re-
sponse Evaluation Criteria in Solid Tumors in all three trials, which
were approved by all relevant institutional ethical committees or review
bodies, and conducted in accordance with the Declaration of Helsinki,
Good Clinical Practice, and the AstraZeneca policy on Bioethics. Each
patient provided written informed consent.

Plasma and serum collection and preparation. Patients in studies 3
and 6 provided two baseline blood samples taken at least 24 h apart
(on day 1 and usually within 7 days before commencing treatment)
and which were taken into tubes containing EDTA anticoagulant.
Within 30 min of collection, blood samples were centrifuged at
1,000 to 1,500 × g for 10 min. Plasma was frozen and stored at
−70°C to −80°C. In study 7, serum was prepared from two baseline
blood samples taken at least 24 h apart (on day 1 and usually with-
in 7 days before commencing treatment). Blood samples were al-
lowed to coagulate for 30 to 60 min and then centrifuged for 10
to 15 min at 1,000 × g. Serum was frozen and stored at −70°C to
−80°C.

Measurement of VEGF concentration. Plasma or serum samples were
thawed on ice and the VEGF concentration was determined using ELISA
(R&D Systems). The VEGF standard curve ranged from 0 to 2,000 pg/
mL and the lower limit of detection was 31 pg/mL. Each sample was
analyzed in duplicate, and samples were analyzed in batches to mini-
mize interassay variability.

Translational Relevance

There is a critical need for biomarkers for identify-

ing patients likely to respond to angiogenesis inhibi-

tors. We describe our analysis of circulating vascular

endothelial growth factor (VEGF) levels from three

randomized, phase II clinical studies of vandetanib

(oral VEGF/epidermal growth factor receptor inhibi-

tor) for advanced non-small cell lung cancer. Our

findings have several potentially important clinical

implications. Low baseline VEGF levels may identify

a subset of patients who can obtain equivalent pro-

gression-free survival benefit with first-line vandeta-

nib as with carboplatin/paclitaxel chemotherapy and

could thereby be spared upfront chemotherapy. Pa-

tients with low baseline VEGF may derive greater

benefit from the addition of vandetanib to second-

line docetaxel chemotherapy than with docetaxel

alone. Patients with low baseline VEGF who are be-

ing considered for second/third-line treatment with

an epidermal growth factor receptor inhibitor may

derive greater progression-free survival benefit if

treated with vandetanib monotherapy. Based on

these results, VEGF is being evaluated as a predic-

tive biomarker in four phase III trials with vandetanib

for non-small cell lung cancer.
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Statistical methods. Summary statistics of baseline VEGF values
were obtained for each study and each treatment group to determine
the distribution of baseline VEGF values. VEGF values from two sam-
ples provided by each patient were used to obtain baseline and repro-
ducibility measurements of the VEGF values. Where two pretreatment
samples were obtained, the mean of the two VEGF values was used as
the baseline measure. Where one pretreatment sample was available,
this single VEGF value was used as the baseline measure. The variability
between the two baseline VEGF values obtained for each patient was
investigated through estimating intersubject and intrasubject compo-
nents of variation using an ANOVA model fitted to the log-transformed
baseline VEGF value, with patient included as a random effect.

An evaluation of different cutoff points of baseline VEGF values to
predict PFS was done using a Cox proportional hazards regression mod-
el. PFS is defined as the time from randomization until progression or
death in the absence of progression if death is <3 months from the last
evaluable Response Evaluation Criteria in Solid Tumors assessment.
Separate models were fitted for each study and different cutoff points
were used to dichotomize patients into “high” and “low” VEGF sub-
groups. The high and low VEGF subgroups reported in this study were
defined using the upper limits of VEGF concentrations reported in
healthy volunteers. The VEGF concentrations in samples from 37
healthy volunteers have been reported to range from 62 to 707 pg/
mL in serum and from nondetectable to 115 pg/mL in EDTA plasma
(R&D Systems Human VEGF Immunoassay). Therefore, in studies 3
and 6, high and low plasma VEGF levels were defined as concentrations
>115 and ≤115 pg/mL, respectively; in study 7, high and low serum
VEGF levels were defined as concentrations >707 and ≤707 pg/mL,
respectively.

The fitted models allowed for the effect of treatment and included
terms for gender, histology, and previous response to therapy (study
3) and tumor stage and number of organs involved (studies 6 and 7).
From the fitted models, hazard ratio (HR), 95% confidence interval

(95% CI), and two-sided P value for the following five comparisons
were calculated for all patients in the study and the low and high
VEGF subgroups: vandetanib 300 mg versus gefitinib 250 mg (study
3), docetaxel with vandetanib 100 mg/d versus docetaxel and placebo
(study 6), docetaxel with vandetanib 300 mg/d versus docetaxel and
placebo (study 6), carboplatin-paclitaxel with vandetanib 300 mg/d
versus carboplatin-paclitaxel and placebo (study 7), and vandetanib
300 mg/d versus carboplatin-paclitaxel and placebo (study 7). Com-
parisons were only between the treatment arms in each clinical study
(that is, comparisons across different clinical studies were not done).
A similar analysis was done using the endpoint of overall survival
(OS). OS is defined as the number of days from randomization until
death by any cause.

The treatment-by-VEGF interaction was investigated by assessing
the difference between the log likelihoods for the full model for PFS
(including all covariates, dichotomized VEGF value, and an interaction
between treatment and baseline VEGF) and a reduced model for PFS
(excluding the interaction). The change in −2 × log likelihood was cal-
culated to determine whether the inclusion of the interaction term sig-
nificantly improves the fit of the model; hence, the interaction is
significant. P value(s) for the improvement of model fit are presented.

All of the phase II clinical studies were powered for the PFS primary
endpoint. The VEGF analysis is therefore exploratory and multiple com-
parisons have been conducted, for which no adjustments have been
made.

Results

Patient characteristics and baseline VEGF levels. Baseline
VEGF plasma concentrations were available from the following
patients: 82 of 83 (99%) in the vandetanib arm and 81 of 85
(95%) in the gefitinib arm (study 3), 24 of 41 (59%) in the

Table 1. Study designs

Study 3 Study 6 Study 7

Study design Two-arm, randomized phase II Three-arm, randomized phase II Three-arm, randomized phase II
Second/third-line treatment for

advanced NSCLC; previous
platinum-based therapy

Second-line treatment for
advanced NSCLC; post-failure of
platinum-based therapy

First-line treatment for
stage IIIB/IV NSCLC

Treatment
arms

1: Gefitinib 250 mg/d, orally 1: Docetaxel 75 mg/m2 every 21 d
+ placebo

1: Carboplatin AUC 6 + paclitaxel
200 mg/m2 every 21 d
(carboplatin-paclitaxel)

2: Vandetanib 300 mg/d, orally 2: Docetaxel 75 mg/m2 every 21 d
+ vandetanib 100 mg/d, orally

2: Carboplatin-paclitaxel +
vandetanib 300 mg/d, orally

3: Docetaxel 75 mg/m2 every 21 d
+ vandetanib 300 mg/d, orally

3: Vandetanib 300 mg/d, orally

Primary
endpoint

PFS PFS PFS

PFS result Primary endpoint was met Primary endpoint was met for arm
2

Primary endpoint was met for arm 2

Superior PFS with vandetanib Superior PFS with docetaxel +
vandetanib 100 mg compared
with docetaxel + placebo

Superior PFS with carboplatin-paclitaxel +
vandetanib 300 mg compared with
carboplatin-paclitaxel + placebo

HR, 0.69; P = 0.013 (one-sided)
and 0.025 (two-sided)

HR, 0.64; P = 0.037 (one-sided)
and 0.074 (two-sided)

HR, 0.76; P = 0.098 (one-sided) and
0.197 (two-sided)
Arm 3 was stopped at an interim
analysis (HR for PFS vs carboplatin-
paclitaxel was >1.33)*

OS result Trial had switchover design to
other treatment, so OS result
may be confounded

No significant difference No significant difference

*The disease control rate with vandetanib monotherapy was 26% (partial response or stable disease for at least 12 wk) and a subset of patients
(11%) remained on single-agent vandetanib for at least 6 mo.
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docetaxel arm, 20 of 42 (48%) in the docetaxel + vandetanib
100 mg/d arm, and 21 of 44 (48%) in the docetaxel + vande-
tanib 300 mg/d arm (study 6). Baseline serum VEGF concentra-
tions were available for 44 of 56 (79%) patients in the
carboplatin-paclitaxel + vandetanib arm and 42 of 52 (81%)
in the carboplatin-paclitaxel arm (study 7). Because the vande-
tanib monotherapy arm in study 7 was closed at interim anal-
ysis, the subgroup of patients included in the statistical analysis
of the vandetanib monotherapy arm were all patients concur-
rently randomized to receive either vandetanib monotherapy
or carboplatin-paclitaxel up until the date when the last mono-
therapy patient was enrolled (August 15, 2005). For this sub-
group, baseline serum VEGF concentrations were available for
58 of 73 (79%) patients in the vandetanib monotherapy arm
and 33 of 40 (83%) patients in the carboplatin-paclitaxel
arm. The numbers of patients in the high and low VEGF groups
for each of the five comparisons between treatment arms in this
analysis are shown in Table 2. The pretreatment VEGF concen-
trations are shown in Fig. 1 and Table 3. The intrapatient vari-
ability between the two baseline VEGF measurements taken
from samples drawn on different days was low to moderate (co-
efficient of variation values of 36%, 55%, and 60% for studies
7, 3, and 6, respectively; Supplementary Table S1).

The patient characteristics are shown in Supplementary
Table S2. There were no apparent differences between the VEGF

subgroups (low or high) and the whole study population in
terms of the following characteristics: treatment arm, age, per-
formance status, and smoking status (all studies) and gender,
histology, and disease stage (studies 3 and 7). In study 6, there
were significant differences between the proportion of males
and females in the high baseline VEGF group (33% and 67%,
respectively) and the whole study group (57% and 43%, respec-
tively) and in the proportion of patients with stage IIIB disease
(14%) in the low VEGF group compared with the whole study
group (26%). Study 6 also had a larger proportion of patients
with adenocarcinoma (66%) and a smaller proportion of pa-
tients with squamous cell carcinoma (14%) in the low baseline
VEGF group than in the whole study (50% and 29%, respective-
ly). In addition, compared with the overall population in study
6, patients with an available baseline sample had a lower HR
for benefit with vandetanib + docetaxel versus docetaxel (e.g.,
PFS HR of 0.64 for overall population versus 0.38 for those
with baseline value in vandetanib 100 mg/d arm; Table 2;
Supplementary Table S3).
Relationship between baseline VEGF levels and patient out-

comes with vandetanib monotherapy. Study 3: Patients in the
low baseline plasma VEGF group receiving vandetanib 300
mg/d had a superior PFS compared with those receiving gefiti-
nib 250 mg/d (HR, 0.55; 95% CI, 0.35-0.86; two-sided P =
0.01; Figs. 2 and 3A; Table 2). In contrast, patients with high

Table 2. Summary of PFS data

Group PFS

Patients (n) Events (n) HR
(two-sided 95% CI)

Two-sided P Pinteraction
(VEGF × treatment)

Study 3

Vandetanib 300 mg/d
versus gefitinib 250 mg/d

All patients 168 152 0.69 (0.50-0.96) 0.03
All patients with

VEGF value
163 147 0.70 (0.50-0.97) 0.03

Low VEGF group 93 84 0.55 (0.35-0.86) 0.01
High VEGF group 70 63 1.03 (0.60-1.75) 0.92 0.08

Study 6

Vandetanib 100 mg/d +
docetaxel versus
placebo + docetaxel

All patients 83 64 0.64 (0.39-1.05) 0.07
All patients with

VEGF value
44 32 0.38 (0.18-0.81) 0.01

Low VEGF group 29 20 0.25 (0.09-0.68) 0.01
High VEGF group 15 12 0.95 (0.25-3.61) 0.94 0.09

Vandetanib 300 mg/d +
docetaxel versus
placebo + docetaxel

All patients 85 65 0.83 (0.50-1.37) 0.46
All patients with

VEGF value
45 32 0.59 (0.29-1.21) 0.15

Low VEGF group 29 22 0.66 (0.28-1.54) 0.33
High VEGF group 16 10 0.53 (0.13-2.20) 0.38 0.71

Study 7

Vandetanib 300 mg/d +
carboplatin-paclitaxel
versus placebo +
carboplatin-paclitaxel

All patients 108 92 0.76 (0.50-1.15) 0.20
All patients with

VEGF value
86 75 0.75 (0.47-1.19) 0.22

Low VEGF group 50 45 0.72 (0.39-1.33) 0.29
High VEGF group 36 30 0.47 (0.20-1.07) 0.07 0.09

Vandetanib 300 mg/d
versus placebo +
carboplatin-paclitaxel

All patients 113 98 1.30 (0.85-1.98) 0.23
All patients with

VEGF value
91 79 1.27 (0.80-2.01) 0.31

Low VEGF group 45 37 0.80 (0.41-1.56) 0.51
High VEGF group 46 42 1.60 (0.81-3.15) 0.17 0.92
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baseline plasma VEGF had similar PFS when treated with either
vandetanib or gefitinib (HR, 1.03; 95% CI, 0.60-1.75; P = 0.92;
treatment-by-factor interaction test for VEGF, P = 0.08). Al-
though a similar analysis was done for survival, the two-part
design of the study, which allowed eligible patients the option
to switch to the alternative treatment regimen in part B (follow-
ing disease progression), confounds the interpretation of this
analysis (Fig. 3B; Supplementary Table S3).

The finding that patients with low VEGF may derive differen-
tial PFS benefit from vandetanib compared with gefitinib was

further explored to determine if the specific cutoff value for de-
fining low or high baseline VEGF affected the overall findings.
Across a broad range of cutoff points for VEGF, including the
median and mean values of VEGF, the findings were similar
(Fig. 4). The low baseline VEGF group consistently had a HR
of <1, and the high baseline VEGF group consistently had a
HR greater than that of the low VEGF group.

Study 7: The vandetanib monotherapy arm was closed at in-
terim analysis because PFS met the criterion for discontinuation
(HR > 1.33 versus carboplatin-paclitaxel); hence, the subgroup

Fig. 1. Baseline VEGF values by treatment group.

Table 3. Baseline VEGF values by treatment group

Study Treatment arm Patients
providing
baseline
samples
(n)

VEGF (pg/mL)*

Arithmetic
mean

Geometric
mean

Maximum Minimum† Median Interquartile
range

3 Vandetanib 300 mg 81 180 121 1,678 31 107 138
Gefitinib 250 mg 82 226 120 1,595 31 88 164

6 Docetaxel + placebo 24 103 86 240 31 88 79
Docetaxel +

vandetanib 300 mg
20 96 81 238 31 82 69

Docetaxel +
vandetanib 100 mg

21 108 89 296 31 86 66

7 Carboplatin-
paclitaxel
+ placebo

42 827 630 2,781 80 674 788

Carboplatin-
paclitaxel
+ vandetanib 300
mg

44 664 511 2,315 64 512 500

Vandetanib 300 mg 58 914 703 3,870 117 768 864

*VEGF levels in studies 3 and 6 are from plasma. VEGF levels in study 7 are from serum.
†The limit of VEGF quantification in the ELISA assay was 31 pg/mL. Samples at or below the limit of detection were ascribed a level of 31 pg/mL.
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of patients included in this analysis were those patients concur-
rently randomized to receive vandetanib monotherapy (n = 73)
or carboplatin-paclitaxel (n = 40) up to the date when the last
monotherapy patient was enrolled. Among chemotherapy-
naive NSCLC patients with low baseline serum VEGF, there
was no significant difference in PFS between those initially trea-
ted with vandetanib 300 mg/d monotherapy or carboplatin-
paclitaxel chemotherapy, but there was a trend toward superior
PFS with vandetanib (HR, 0.80; 95% CI, 0.41-1.56; P = 0.51;
Fig. 3A; Table 2). Patients with a high baseline serum VEGF
tended to have an inferior PFS when treated with vandetanib
300 mg/d compared with carboplatin-paclitaxel (HR, 1.60;
95% CI, 0.81-3.15; P = 0.17; treatment-by-factor interaction test
for VEGF, P = 0.09). These findings for low and high serum
VEGF subgroups held across a broad range of cutoff values
for VEGF, including the median and mean values of VEGF (data
not shown).

Patients with a high baseline serum VEGF also trended to-
ward having an inferior OS when treated with vandetanib
300 mg/d monotherapy compared with carboplatin-paclitaxel
(HR, 1.40; 95% CI, 0.58-3.37; P = 0.46) in contrast to patients
with a low baseline serum VEGF value (HR, 0.68; 95% CI, 0.29-
1.60; P = 0.38; Fig. 3B; Supplementary Table S3).
Relationship between baseline VEGF levels and patient out-

comes with combination therapy. Study 6: Patients in the
low baseline plasma VEGF group receiving docetaxel with
vandetanib 100 mg/d had a superior PFS compared with
those receiving docetaxel with placebo (HR, 0.25; 95% CI,
0.09-0.68; P = 0.01; Fig. 3C; Table 2; treatment-by-factor in-
teraction test for VEGF, P = 0.14). However, there was no
significant difference in PFS among patients with low base-
line plasma VEGF who received docetaxel + vandetanib 300
mg/d versus docetaxel with placebo (HR, 0.66; 95% CI, 0.28-
1.54; P = 0.33). Among patients with high baseline plasma
VEGF, there was no evidence of differences in PFS between
the three treatment arms.

Among patients with high baseline plasma VEGF, there were
also no significant differences in OS between the three treat-

ment arms (Fig. 3D). However, there was evidence of superior
OS for patients with low baseline plasma VEGF who received
either vandetanib 100 mg/d (HR, 0.10; 95% CI, 0.03-0.31;
P < 0.001) or vandetanib 300 mg/d (HR, 0.27; 95% CI, 0.10-
0.69; P = 0.01) + docetaxel compared with docetaxel + placebo
(Fig. 3D; Supplementary Table S3). A similar relationship be-
tween the dichotomous VEGF grouping and clinical outcomes
of PFS and OS was observed using a median cutoff value but
could not be shown across a broad range of cutoff points due
to insufficient baseline VEGF data.

Study 7: Among patients with low baseline VEGF, there was
no significant difference in PFS between those treated with van-
detanib 300 mg/d + carboplatin-paclitaxel compared with car-
boplatin-paclitaxel (HR, 0.72; 95% CI, 0.39-1.33; P = 0.29;
Fig. 3C; Table 2). There was a trend for patients with a high base-
line serum VEGF to have superior PFS when treated with vande-
tanib 300 mg/d + carboplatin-paclitaxel compared with
carboplatin-paclitaxel (HR, 0.47; 95% CI, 0.20-1.07; P = 0.07;
treatment-by-factor interaction test for VEGF, P = 0.92). This
finding was similar when the baseline VEGF median value was
used as a cutoff to define the low and high VEGF groups. How-
ever, these findings were not consistent across a broad range of
cutoff values for baseline VEGF. Similar results were obtained
for OS between treatment arms of the high and low baseline
serum VEGF groups (Fig. 3D; Supplementary Table S3).

Discussion

In this exploratory retrospective analysis of pretreatment
plasma or serum VEGF concentrations among the participants
in three randomized phase II studies, we have evaluated base-
line circulating VEGF level as a potential predictive marker for
clinical benefit from vandetanib treatment either as a mono-
therapy or in combination with chemotherapy for advanced
NSCLC. From the study 3 results, we have shown that patients
with advanced NSCLC and a low baseline plasma VEGF concen-
tration had a significantly superior PFS when treated with van-
detanib monotherapy compared with gefitinib monotherapy

Fig. 2. Kaplan-Meier analysis for
patients treated with vandetanib or
gefitinib (study 3) with low or high
baseline VEGF.
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(HR, 0.55; P = 0.01). In contrast, patients with a high baseline
concentration of VEGF had a similar risk of tumor progression
when treated with either vandetanib or gefitinib (HR, 1.03; P =
0.92). Due to the two-part crossover design of this study, it is not
possible to make any definitive conclusions about the effect of
therapy on OS. In addition, NSCLC patients with low baseline
serum VEGF treated in the first-line setting in study 7 appeared
to derive similar benefit in terms of both PFS and OS from either
vandetanib monotherapy or carboplatin-paclitaxel doublet che-
motherapy, an established standard of care, whereas patients
with high VEGF had a shorter PFS with vandetanib. This suggests

that determining pretreatment circulating VEGF concentrations
may have the potential to identify patients who could derive
equivalent benefit from front-line targeted therapy with vande-
tanib monotherapy as from standard carboplatin-paclitaxel
doublet chemotherapy.

Baseline VEGF levels may also have the potential to identify
patients most likely to benefit from the addition of vandetanib
to chemotherapy, particularly for vandetanib 100 mg/d + doc-
etaxel compared with docetaxel alone in the second-line treat-
ment of NSCLC. In this setting, patients with low baseline
plasma VEGF treated with vandetanib 100 mg/d + docetaxel

Fig. 3. PFS and OS for patients with low or high baseline VEGF treated with vandetanib monotherapy (studies 3 and 7) or vandetanib combination therapy
(studies 6 and 7).
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appeared to have superior PFS and OS outcomes compared
with those treated with docetaxel alone, whereas patients with
high baseline VEGF had similar treatment outcomes in both
arms. The results were more complex for vandetanib 300 mg/
d in combination with chemotherapy. For vandetanib 300 mg/
d in combination with docetaxel versus docetaxel alone, there
was a superior OS, but not PFS, outcome for previously treated
NSCLC patients with low baseline VEGF. For vandetanib 300
mg/d in combination with carboplatin-paclitaxel versus carbo-
platin-paclitaxel alone, there was some evidence that previously
untreated patients with high levels of pretreatment serum VEGF
may have gained greater benefit in terms of both PFS and OS.
One possible explanation for these observations is that the pre-
dictive value of VEGF may depend, at least in part, on the van-
detanib dose. This reflects the observed clinical trial results with
vandetanib in combination with chemotherapy. In studies 6
and 7, the addition of vandetanib 300 mg/d to docetaxel and
carboplatin-paclitaxel, respectively, yielded modest PFS benefits
compared with chemotherapy alone (HR, 0.83 and 0.76, re-
spectively), and the greatest PFS benefit was seen when vande-
tanib 100 mg/d was added to docetaxel (HR, 0.64; refs. 16, 17).
As shown in four randomized phase III studies, the addition of
EGFR TKIs to chemotherapy for NSCLC does not improve out-
come (22–25). It is thought that EGFR TKIs induce G1 cell cycle
arrest and thereby reduce the efficacy of cell cycle-dependent cy-
totoxic agents (26). It has been theorized that the EGFR inhibi-
tory capacity of vandetanib predominates at higher doses,
thereby limiting the benefit of adding this agent at the 300 mg/
d dose to chemotherapy (16). At the lower 100 mg/d dose, there
may be less EGFR inhibitory effect, such that the anti-VEGFR ef-
fects of vandetanib and the cytotoxic effects of chemotherapy can
predominate (16). This theory is in keeping with our findings

that VEGF levels may only be associated with outcome when
the lower dose of vandetanib is combined with chemotherapy.

We defined “high” and “low” VEGF levels as being either
above or below, respectively, the upper limit of normal re-
ported in analyses of blood by ELISA from healthy subjects
(R&D Systems Human VEGF Immunoassay). Although our
findings were similar across a range of cutoff values for high
versus low VEGF, including the median VEGF concentration
in all three studies, we chose to present the data using this pre-
defined, fixed cutoff point rather than the median VEGF level.
Our rationale for this was that a fixed cutoff point for VEGF
level could be more easily applied to clinical practice than the
median concentration, which would be expected to vary be-
tween different groups of patients, if circulating VEGF level is
validated as a predictive biomarker and becomes incorporated
into future clinical decision-making processes.

Increased circulating VEGF concentration in patients with
NSCLC and other solid tumors has been shown to correlate
with poor prognosis (18, 27), and although VEGF levels in
blood correlated with VEGF expression in tumor tissue from
patients with colorectal cancer (28), this was not the case in
NSCLC or breast cancer (29, 30). The origin of circulating
VEGF measured by ELISA in plasma (studies 3 and 6) or se-
rum (study 7) in the present analyses has not been deter-
mined but may include contributions from both tumor and
nontumor tissues (31). In addition, platelet disruption, partic-
ularly during the preparation of serum, is likely to contribute
to the overall levels of circulating VEGF measured in the pres-
ent study (32), although whether platelet-derived VEGF origi-
nates from tumor or other tissues remains to be determined
(33). However, irrespective of the origin of plasma or serum
VEGF, it was unanticipated that our analyses showed that low,

Fig. 4. Exploration of different cutoff
points to dichotomize patients into low
or high baseline VEGF groups for study
3 (PFS).
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rather than high, circulating VEGF levels before treatment ap-
peared to be predictive of clinical benefit from vandetanib
monotherapy. One potential explanation is that, in patients
with high VEGF levels, vandetanib is unable to achieve an ad-
equate degree of VEGFR inhibition and blockade of tumor an-
giogenesis; alternatively, high VEGF may be associated with
high levels of other angiogenic factors, such as basic fibroblast
growth factor and interleukin-8, which are able to sustain an-
giogenesis even in the presence of VEGFR blockade. Consis-
tent with our findings, baseline plasma VEGF levels were
recently reported to be lower in Japanese NSCLC patients
who experienced clinical benefit from vandetanib than those
who did not in a phase II trial (34). However, because all pa-
tients received vandetanib, it was not possible to determine
whether baseline plasma VEGF was a prognostic or predictive
biomarker. However, because all patients received vandetanib,
it was not possible to determine whether baseline plasma
VEGF was a prognostic or predictive biomarker in this setting.

A blood-based predictive biomarker has many practical and
safety advantages over tissue- or imaging-based predictive bio-
markers. Although there is considerable debate about whether
serum or plasma is the better medium in which to assess factors
such as VEGF (18), both plasma VEGF concentrations from
studies 3 and 6 and serum VEGF concentrations from study
7, as determined by ELISA, were predictive in our analyses.
We did not have both plasma and serum suitable for analysis
by ELISA from the participants in these randomized trials of
vandetanib, so we cannot draw any conclusions about the rel-
ative benefits of each of these types of blood sample in asses-
sing circulating VEGF.

With regards to future potential clinical application of blood-
based biomarkers, it may be most practical to identify a single
factor that can predict benefit from VEGFR TKIs, such as VEGF,
but in reality it is likely that baseline levels of other circulating
angiogenic factors or cytokines also have predictive values in
identifying patients who will benefit most from these therapies.
Therefore, a limitation of the current work is that VEGF was the
only angiogenic biomarker measured across all three clinical
studies. For example, low baseline plasma intercellular adhe-
sion molecule-1 predicted a greater PFS benefit from the addi-
tion of bevacizumab to carboplatin-paclitaxel compared with
carboplatin-paclitaxel alone in the randomized phase III East-
ern Cooperative Oncology Group 4599 trial (35). In squamous
cell carcinoma of the head and neck treated with chemoradia-
tion, baseline levels and coordinate changes in multiple cyto-
kines, including VEGF, were associated with poor outcomes
(36). This suggests that VEGF may be one of several circulating
factors that alone, or in combination with other cytokines or
angiogenic factors, may be prognostic or predictive of clinical
benefit following treatment with vandetanib or other VEGFR
signaling inhibitors. Our preliminary data using multiplex
beads to assess >30 factors from the plasma of patients in trial
7 is consistent with this possibility, as several other factors were
found to potentially be predictive of vandetanib benefit (37).

Several other phase II and III studies of VEGF signaling in-
hibitors in a variety of solid tumor types have considered the
predictive value of pretreatment circulating VEGF levels, al-
though the findings have been somewhat inconsistent (18,
35, 38–41). The addition of bevacizumab, a monoclonal an-
tibody targeting VEGF, to bolus 5-fluorouracil and irinotecan
as first-line treatment for metastatic colorectal cancer signifi-

cantly improved PFS and OS, but survival benefit was unrelat-
ed to pretreatment plasma VEGF concentration (38). Similarly,
in the Eastern Cooperative Oncology Group 4599 trial of car-
boplatin-paclitaxel with or without bevacizumab in NSCLC,
high baseline plasma VEGF was associated with a greater re-
sponse rate with the use of bevacizumab but not with im-
proved survival (35). Patients with renal cell carcinoma
treated second-line with sorafenib showed a significant im-
provement in PFS relative to placebo, but baseline plasma
VEGF was not predictive of PFS benefit from sorafenib (39).
In a randomized phase II trial, the addition of bevacizumab to
first-line chemotherapy with gemcitabine and cisplatin for in-
operable malignant mesothelioma did not improve outcome,
but on subset analyses, patients with low pretreatment VEGF
plasma concentrations derived PFS and OS benefits from the
use of bevacizumab, whereas patients with high plasma VEGF
levels did not benefit from bevacizumab (40). These inconsis-
tent reports regarding the predictive value of VEGF may in part
arise due to the small patient numbers in such retrospective
analyses. It is also conceivable that baseline VEGF levels are
not a general predictive factor for benefit from VEGF signaling
inhibitors, but rather baseline VEGF may be predictive in only
certain tumor types and/or with only some agents. For exam-
ple, if high VEGF levels counterbalance the effects of vandeta-
nib, VEGF levels may not be predictive of benefit from a more
potent VEGFR TKI.

In our analysis, the association between low baseline VEGF
and benefit from vandetanib, either as monotherapy or at the
100 mg/d dose combined with chemotherapy, was generally
consistent across all three clinical trials. However, no definitive
conclusions about the role of VEGF as a predictive biomarker for
benefit from vandetanib can be drawn from these data. The
P values for the interaction tests did not reach statistical signifi-
cance, although they trended toward significance where associa-
tions between low VEGF and treatment outcome were found
(study 3, P = 0.08; study 7, vandetanib versus carboplatin-pacli-
taxel, P = 0.09; study 6, vandetanib 100 mg/d, P = 0.14). These
analyses of VEGF are exploratory; therefore, the clinical studies
were not powered for these interaction tests. The numbers of pa-
tients in studies 3, 6, and 7 are modest, and there is the potential
for case selection bias in study 6 because VEGF data were avail-
able for only half of the study's participants. Nevertheless, our
data suggest that baseline circulating VEGF may be a potential
predictive biomarker for benefit from vandetanib and that fur-
ther study of VEGF in large phase III trials is warranted. If our
findings are validated, they could have several potentially im-
portant clinical implications. Firstly, low baseline circulating
VEGF levels may identify a subset of patients with advanced
NSCLC who can receive oral vandetanib as a first-line treatment
rather than intravenous administration of carboplatin-paclitaxel
doublet chemotherapy. In the second-line setting, advanced
NSCLC patients with low baseline VEGF levels may derive great-
er PFS benefit from the addition of vandetanib 100 mg/d to doc-
etaxel chemotherapy rather than with docetaxel alone.
Furthermore, patients with a low baseline VEGF levels who are
being considered for treatment with a selective EGFR inhibitor
in the second/third-line setting may derive greater PFS benefit if
treated with vandetanib monotherapy.

Based on the findings in this exploratory analysis, baseline
VEGF will be evaluated as a potential predictive biomarker of
clinical benefit with vandetanib in four ongoing phase III trials
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in advanced NSCLC: (a) second/third-line erlotinib versus van-
detanib 300 mg/d, (b) second-line docetaxel ± vandetanib 100
mg/d, (c) second-line pemetrexed ± vandetanib 100 mg/d, and
(d) second/third-line placebo versus vandetanib in patients who
have progressed on prior treatment with an EGFR TKI (42).
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Abstract  
 
The mechanisms by which tumors develop resistance to angiogenesis inhibitors, 

and the relative contributions of tumor cells and stroma to resistance, have not 

been established. We developed human NSCLC xenograft models of resistance 

to the VEGF inhibitor bevacizumab in mice and, using species-specific profiling, 

investigated tumor cell and stromal mechanisms of resistance. Mouse- and 

human-specific profiling demonstrated that gene expression changes associated 

with acquired resistance occurred predominantly in stromal (mouse) and not 

tumor (human) cells. Components of the EGFR and FGFR2 pathways were 

significantly upregulated in stroma, but not in tumor cells. Increased 

phosphoEGFR was detected on pericytes of xenografts that acquired resistance 

and on endothelium of tumors with primary resistance. Acquired resistance was 

associated with a pattern of pericyte-covered, normalized revascularization, 

whereas tortuous, uncovered vessels were observed in primary resistance. Dual 

targeting of VEGF and EGFR pathways with bevacizumab and erlotinib, or the 

VEGFR/EGFR inhibitor vandetanib, reduced pericyte coverage and delayed 

resistance. These findings demonstrate that alterations in tumor stromal 

pathways, including EGFR and FGFR2, are associated with, and may contribute 

to VEGF inhibitor resistance and that targeting these pathways may improve 

efficacy. Understanding stromal signaling may be critical for developing 

biomarkers for angiogenesis inhibitors and improving combination regimens. 
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INTRODUCTION 

Tumor growth and metastatic spread are dependent on the acquisition of a 

vascular supply, which occurs at least in part through angiogenesis (1-3). This 

process is regulated by the balance of pro- and anti-angiogenic factors (4). 

Therapeutic approaches to targeting tumor vasculature have focused largely on 

vascular endothelial growth factor (VEGF), the prototypical pro-angiogenic factor 

that stimulates endothelial cells to proliferate, migrate, and produce proteases 

necessary for the formation of new vasculature networks (5-9). Strategies to 

inhibit VEGF-induced angiogenesis have been developed, including anti-VEGF 

monoclonal antibodies, such as bevacizumab (Avastin; Genentech, South San 

Francisco, CA) (10, 11), and VEGF receptor (VEGFR) tyrosine kinase inhibitors 

(TKIs) (12).  

 Phase III trials have shown that the addition of bevacizumab (BV) to standard 

therapy prolonged progression-free or overall survival, and improved objective 

tumor responses, in patients with advanced malignancies, including non-small 

cell lung caner (NSCLC) (13). Despite this initial benefit however, therapeutic 

resistance inevitably emerges in most patients. In patients with colorectal cancer, 

we observed that acquired resistance was associated with a rise in circulating 

proangiogenic factors in plasma including basic fibroblast growth factor (bFGF), 

hepatocyte growth factor (HGF) placental growth factor (PlGF), stromal-derived 

factor-1, (SDF1) as well as factors associated with myeloid recruitment (e.g. 

macrophage chemoattractant protein-3 (14). Preclinical studies of therapeutic 

resistance to angiogenesis inhibitors have described compensatory mechanisms 
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acquired from tumors in the face of anti-angiogenic therapy, including a hypoxia-

induced upregulation of pro-angiogenic molecules, such as FGF family members, 

in tumors with acquired resistance to VEGFR pathway inhibitors (15). Genetic 

alterations in tumor cells, such as p53 loss, may also promote resistance to 

hypoxia-induced apoptosis, resulting in a decreased vascular dependence (16). 

Incomplete target inhibition following treatment with VEGFR antagonists has 

been described in orthotopic models of pancreatic cancer as well as in patients 

(17, 18). Moreover, while showing potent antitumor activity in mouse models of 

pancreatic neuroendocrine carcinoma and glioblastoma, VEGF pathway 

inhibitors concomitantly may also increase invasiveness and metastatic potential 

(19).  

Collectively, these findings emphasize the adaptive nature of tumor cells to anti-

angiogenic therapies, whereas the contribution of stromal cells remains unclear. 

In this study, we specifically investigated stromal changes associated with 

resistance to anti-VEGF therapy in two human NSCLC xenograft models of 

acquired and primary resistance to BV. We performed mouse- (stroma) and 

human (tumor cell)-specific gene expression profiling to further validate the role 

of specific stromal molecules involved in resistance. Our results demonstrate that 

acquired or primary resistance to VEGF inhibition is associated with distinct 

patterns of vascularization in NSCLC xenografts. The vast majority of gene 

expression changes observed in resistant tumors occurred in tumor stroma and 

not in tumor cells themselves, suggesting stromal changes are likely to play a 

role in the resistant phenotype. Among factors known to regulate angiogenesis, 
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overexpression of stromal EGFR and FGFR2 signaling pathways was observed 

in resistant tumors and blockade of the EGFR pathway reversed the increased 

pericyte coverage observed in vessels of resistant tumors. The results suggest 

that stromal mechanisms, including an upregulation of EGFR pathway, can 

contribute to the resistant phenotype, and that targeting these pathways may 

delay tumor growth and the onset of resistance. 

 

RESULTS 

H1975 and A549 Xenografts Exhibit Acquired and Primary Resistance to 

Anti-angiogenic Therapy 

To investigate the mechanisms by which NSCLC xenografts develop resistance 

to VEGF blockade, we injected male nude mice with either H1975 or A549 

human NSCLC adenocarcinoma cells. These models were selected because in 

prior studies (20) we observed that A549 xenograft tumors were relatively 

insensitive to VEGF signaling inhibitors including BV (primary resistance), 

whereas H1975 initially experienced significant tumor shrinkage typically lasting 

for more than one month. Furthermore, the tumor cells contain two common 

alterations associated with EGFR TKI resistance: a T790M EGFR mutation 

(H1975 model) (21) and KRas mutation (A549) (22). Approximately 3 weeks after 

tumor cell injection, mice bearing tumors with a mean volume of ~270 mm3 were 

randomized to receive either vehicle (control) or BV, as described in detail in the 

Materials and Methods section. Animals were treated for 2 weeks (short-term 

treatment) or until mice were sacrificed due to tumor burden. Tumors were 
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considered to be resistant when they tripled in volume (progression) compared 

with the pre-treatment tumor size and progression-free survival (PFS) was 

measured as the time from initiation of treatment until tumor progression. In 

H1975 tumors, 2 weeks of BV inhibited tumor growth by 77% compared to 

controls (Figure 1A) whereas in A549 xenografts the drug produced only a 16% 

reduction in tumor growth compared with vehicle-treated tumors (Figure 1B). 

 The individual tumor growth curves shown in Figure 1C&D illustrate the 

growth kinetics of H1975 and A549 xenografts treated with vehicle and BV for a 

longer term until progression. All H1975 vehicle-treated xenografts progressed 

within 31 days of the onset of treatment, showing a median PFS of 7 days. In 

contrast, 67% of xenografts receiving BV developed resistance, and the median 

PFS was 138 days, (p<0.001, log-rank test) (Figure 1C). A549 tumors were less 

responsive to BV, showing a median PFS of 35 days compared with 22 days of 

vehicle-treated tumors (p=0.16), (Figure 1D). Collectively, these results show that 

H1975 tumors are initially responsive to BV therapy but acquire resistance after 

prolonged treatment with the drug, whereas A549 tumors demonstrate primary 

resistance.   

 

Acquired Resistance to BV Is Associated With Sustained Inhibition of 

VEGFR2 Activation 

To determine whether acquired resistance to BV was due to increased VEGFR2 

signaling, potentially through increased expression of murine VEGF or other 

mechanism to bypass blockade of human VEGF by this agent, we evaluated the 
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phosphorylation status of VEGFR2 in vehicle-treated and BV-resistant tumors 

using immunofluorescence (IF) staining. In control H1975 tumors, p-VEGFR2 

was readily detected on CD31+ tumor-associated endothelial cells (ECs), but it 

was inhibited on vessels of BV-sensitive tumors (short-term treatment) and this 

result was sustained when tumors progressed while receiving BV therapy (Figure 

2A). To evaluate changes in stromal (defined here as non-tumor cells derived 

from the host) and tumor-derived VEGF in H1975 BV-resistant tumors, we 

quantified mouse and human VEGFA mRNA expression by quantitative real-time 

PCR (qRT-PCR). We observed no change in mouse Vegfa mRNA expression in 

resistant xenografts compared with controls, whereas human VEGFA mRNA 

levels were increased in resistant tumors compared with controls (p<0.05, Figure 

2B), despite this ligand increase, VEGFR2 phosphorylation remained suppressed 

during BV treatment in resistant tumors.  

We assessed whether the tumor growth inhibition observed in H1975 xenografts 

after short-term treatment with BV was associated with increased endothelial cell 

apoptosis. We performed double IF staining for CD31 (red) and TUNEL positivity 

(green) to identify apoptotic cells, (Figure 2C). The percentage of apoptotic ECs 

was significantly increased following 2 weeks of BV treatment compared to 

control xenografts (p<0.01). However, at time of progression, H1975 xenografts 

showed a significant decrease in endothelial cell apoptosis compared with short-

term treatment (p<0.05) to levels comparable to control tumors (Figure 2D). 

Thus, endothelial cell apoptosis increased while tumors were initially responding 

to VEGF signaling blockade and returned to levels comparable with controls in 
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tumors that acquired BV-resistance. Furthermore, the percentage of total 

apoptotic (TUNEL+) cells showed a trend toward increase in H1975 BV-sensitive 

xenografts (BV 2 weeks) compared with controls (p=0.06), but not in tumors that 

progressed compared with controls (see Supplemental Figure 1A - B). 

 

Stromal and Tumor Cell Gene Expression Changes in H1975 BV-Resistant 

Xenografts 

To identify changes in stromal and tumor gene expression associated with 

acquired resistance to anti-VEGF therapy, we performed RNA microarray 

analyses comparing H1975 control and BV-resistant xenografts (N=3 samples 

each group) using Illumina mouse (WG-6 v2) and human (WG-6 v3)-specific 

expression arrays. Probes in these arrays have been shown to minimize cross-

species reactivity (Eun Sung Park, unpublished data). We found that a larger 

number of stromal mouse genes (1385) were significantly modulated in BV-

resistant (BV progression) vs. control xenografts (vehicle progression) compared 

to human tumor genes (98), according to the statistic criteria described in 

Materials and Methods. We observed significant changes in the expression of 

genes involved in angiogenesis, lymphangiogenesis and hypoxia signaling 

pathway between BV-resistant and control xenografts. Both Egfr and Fgfr2 genes 

were upregulated in the stromal compartment, but not in tumor cells, of H1975 

BV-resistant tumors compared with controls, as well as stromal molecules and 

ligands associated with these signaling pathways (e.g., Epgn, Areg, Fgf13, 

Fgfbp1) (Figure 3A, see Supplemental Table 1). Among human angiogenic 
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genes, CA9 (hypoxia-regulated gene) was significantly upregulated in BV-

resistant tumors (Figure 3A, see Supplemental Table 2).  

We next sought to identify genes predicted to be important in the phenotype of 

acquired resistance to the anti-angiogenic effect of BV through both their 

modulation in expression and molecular interactions. Functional gene-interaction 

network analyses of gene features differentially expressed between the mouse 

stroma of BV-resistant and vehicle-treated H1975 xenografts using Ingenuity 

Pathways Analysis (IPA) revealed the significant modulation in the predicted 

function of a gene neighborhood and interaction network surrounding Egfr, based 

on the number of focus genes and nodes of interaction (p<0.001; Figure 3B). In 

addition, the modulated gene network associated with Egfr gene expression 

included down-regulated pro-apoptotic genes, such as the BH3-only family 

member protein, Bax and the apoptotic peptidase activating factor 1 (Apaf1). 

Genes with pro-survival functions were up-regulated, such as the heat shock 

protein Dnajb1.  

Next, to validate the changes in expression of the significantly modulated 

network-hub gene, Egfr, we assessed the human and mouse mRNA levels using 

qRT-PCR. We observed a 2.5 fold increase in mouse Egfr mRNA levels in 

H1975 resistant xenografts compared with controls (p<0.05), whereas human 

EGFR mRNA levels were not significantly different than controls (Figure 3C). We 

also validated the stromal expression of Fgfr2, which we noted to be upregulated 

in BV-resistant H1975 tumors in the microarray analysis. A significant increase in 
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mouse Fgfr2 mRNA expression, but not human FGFR2, was observed in H1975 

resistant xenografts compared with controls (p<0.05, Figure 3D).  

 

EGFR Is Activated on Stromal Cells of H1975 and A549 BV-Resistant 

Tumors  

Given our observation that Egfr mRNA is increased in BV-resistant tumors, we 

next evaluated EGFR protein expression in H1975 tumors by IF staining using 

antibodies directed against CD31 (red) and total EGFR (green) (see 

Supplemental Figure 2A). We observed an increase in EGFR+ staining in H1975 

BV-resistant tumors (BV progression) compared with controls (vehicle 

progression). Quantification of EGFR staining by laser scanning cytometry (LSC) 

analysis indicated a nearly 10-fold increase in the percentage of total EGFR-

expressing cells in H1975 BV-resistant compared with control tumors (p<0.01, 

Figure 4A). We also evaluated EGF protein expression changes by 

immunohistochemistry (IHC) in H1975 vehicle-and BV-treated xenografts at 

progression and noticed increased expression of the EGFR ligand in resistant 

tumors vs. controls (see Supplemental Figure 2B).        

We next evaluated the EGFR activation status in H1975 and A549 

xenografts following treatments with vehicle and BV at time of progression. 

Confocal microscopy was performed to analyze specimens stained with 

antibodies directed to CD31 (red) and p-EGFR (green). As shown in Figure 4B, 

BV resistance was associated with a marked increase in p-EGFR in both H1975 

and A549 tumors compared with controls; however, notable differences in the 
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staining pattern were observed between the two xenograft models. In H1975, p-

EGFR was increased on the vascular supporting cells (VSCs) of resistant tumors 

compared with controls (p<0.01, Figure 4C, left), whereas, p-EGFR expression 

was increased on CD31+ ECs in A549 BV-resistant xenografts compared with 

controls (p<0.05, Figure  4C, right).  

To identify the population of VSCs expressing p-EGFR in H1975 BV-

resistant tumors, we performed IF staining for p-EGFR (red) and desmin (green), 

a marker for pericytes (Figure 4D). We found p-EGFR expression to be 

significantly increased on desmin+ cells (pericytes) of BV-resistant H1975 

xenografts compared with controls (p<0.01, Figure 4E). Taken together our 

results suggest that increased stromal EGFR is associated with BV resistance, 

and that multiple stromal cell types can express EGFR. 

 

bFGF/FGFR2 Overexpression in H1975 Xenografts Resistant to BV Therapy 

Based on our observation that mouse Fgfr2 gene expression was increased in 

the stromal compartment of BV-resistant H1975 tumors, we performed 

immunofluorescent co-localization studies on H1975 vehicle and BV-treated 

xenografts at progression (n=4, each group) using CD31 (red) and FGFR2 

(green) antibodies (Figure 5A). We observed a significant increase in total 

FGFR2 expression in resistant tumors compared with controls (p<0.001; Figure 

5B). Furthermore, to assess changes in the FGFR2 ligand, we next measured 

the plasma concentration (pg/mL) and the expression levels of basic FGF 

(bFGF). We found a 1.5 fold increase in the levels of the circulating cytokine in 
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BV-resistant tumors compared with controls (p=0.058; Figure 5C). The 

immunohistochemical analysis of H1975 vehicle and BV-treated xenografts at 

progression (n=4, each group) suggested that BV-resistance is associated with 

increased expression of bFGF compared with controls (Figure 5D).  

 

Resistance to BV is Associated with Tumor Revascularization and 

Morphological Changes in the Vasculature 

Because the primary mechanism of action of BV is directed against blood 

vessels, we quantified the microvascular density (MVD) of H1975 and A549 

xenografts. We noted a 3-fold MVD reduction in H1975 tumors treated with BV 

for 2 weeks compared with controls (p<0.01, see Supplemental Figure 3 - Figure 

6B, left). Vessel density of A549 tumors treated for 2 weeks showed a trend 

towards a decrease compared with controls (see Supplemental Figure 3 - Figure 

6B, right). To determine whether the vascular effects observed after 2 weeks of 

BV therapy persisted in tumors receiving BV long-term treatment, we quantified 

the MVD in BV resistant H1975 and A549 tumors. We found that primary and 

acquired resistance was associated with distinct patterns of tumor 

vascularization. In H1975 BV-treated xenografts, MVD was significantly higher at 

progression compared with short-term treatment (p<0.01), returning to levels 

comparable with vehicle-treated controls (Figure 6A, upper panel – Figure 6B, 

left panel). In A549 xenografts, there was a significant increase in MVD of BV-

treated xenografts at progression compared with controls (p<0.05) (Figure 6A, 

lower panel – Figure 6B, right panel). Taken together, these data suggest that BV 
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therapy has a dramatic initial anti-angiogenic effect on sensitive H1975 

xenografts, but that this effect is lost after continued exposure to the drug, and 

that therapeutic resistance is associated with revascularization at levels 

comparable with, or higher than, those in vehicle-treated controls.  

Previous results have demonstrated that anti-angiogenic therapy can alter 

the morphology of the tumor-associated vasculature (23-26). To evaluate the 

tumor vascularization in greater detail, we assessed vascular tortuosity in vehicle 

and BV-treated H1975 and A549 xenografts. We found that short-term 

administration of BV led to a modest, but not statistically significant, reduction in 

the vessel tortuosity of H1975 tumors (Figure 6A upper panel – Figure 6C, left 

panel). However, as these tumors developed BV resistance, we noted a 4-fold 

reduction in vascular tortuosity compared with controls (p<0.01), with larger 

vessels and a greater degree of pericyte coverage (termed “normalized 

revascularization”). In contrast, we observed that in A549 xenografts with primary 

resistance to BV, tumor vascularization was associated with smaller, more 

tortuous vessels with reduced pericyte coverage compared with controls (p<0.05; 

Figure 6A, lower panel – Figure 6C, right panel) (termed “sprouting 

vascularization”), demonstrating that in these models, acquired and primary 

resistance is associated with different patterns of tumor vascularization.   
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Dual Blockade of EGFR and VEGFR2 Signaling Pathways Delays Tumor 

Growth of NSCLC Xenografts  

 To elucidate whether targeting functioning stromal signaling pathways in 

BV-resistant tumors can abrogate therapeutic resistance, we targeted EGFR 

using either the EGFR TKI erlotinib in combination with BV, or the dual 

VEGFR/EGFR inhibitor vandetanib. Both A549 and H1975 cells are known to be 

resistant to erlotinib and vandetanib in vitro, which is thought to be due to the 

presence of a KRAS mutation and a secondary EGFR mutation (T790M), 

respectively (20-22). Consistent with previous results, erlotinib did not inhibit 

H1975 tumor growth compared with vehicle (Figure 6D), as five (5/6) xenografts 

progressed, with a median PFS of 12 days. One xenograft progressed while 

receiving erlotinib plus BV therapy; vandetanib caused tumor growth inhibition in 

all the xenografts and only two of these progressed. The median PFS in the 

vandetanib group was 211 days, whereas it was not reached in erlotinib + BV 

group.  

In A549 xenografts, treatment with erlotinib resulted in median PFS values 

of 53 days, compared with 22 days for vehicle-treated controls (p=0.12, log-rank 

test; Figure 6E). Two tumors progressed on erlotinib plus BV treatment over the 

course of the experiment (median PFS not reached), and the addition of the 

EGFR TKI erlotinib to BV significantly delayed the onset of resistance compared 

with BV alone (p<0.05, log-rank test). Only one tumor progressed while receiving 

vandetanib after 102 days of treatment (p<0.05, vandetanib vs. BV). These 

findings indicate that EGFR inhibition not only reduced the number of NSCLC 
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xenografts that progressed on therapy compared with BV alone, but also delayed 

the onset of resistance to VEGF signalling inhibition.  

Given the aforementioned EGFR expression in pericytes in the H1975 

model, we examined whether targeting EGFR would impact vessel maturation 

and pericyte coverage. Multicolor IF staining was performed using antibodies 

directed to CD31 (red) and desmin (green) and pericyte coverage was quantified. 

In H1975 BV-resistant xenografts, the percentage of blood vessels surrounded 

by pericytes was 50% higher compared with control tumors (p<0.01). However, 

pericyte coverage was significantly reduced in tumors receiving long-term 

treatment with erlotinib plus BV or vandetanib (p<0.01), which likely induced an 

inhibition of the EGFR pathway activation on the pericytes (Figure 6F). In 

contrast, A549 xenografts that progressed on BV therapy had significantly fewer 

blood vessels supported by pericytes compared with controls (p<0.05); 

nevertheless, long-term administration of erlotinib plus BV or vandetanib also 

decreased the pericyte coverage in this model compared with controls (p<0.05; 

see Supplemental Figure 4), providing further support for the role of EGFR in 

tumor stroma.  
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 Discussion 
 
Early reports examining the effects of anti-angiogenic therapies raised the hopes 

that these agents may significantly slow or stop tumor growth, and that 

therapeutic resistance to these agents would be less likely to occur in part 

because the target was diploid and not prone to the same genetic instability as 

tumor cells (27, 28). However, both preclinical studies and clinical experience in 

lung cancer and other solid tumors (13, 15, 29-33) indicate that the vast majority 

of solid tumors either have primary (de novo) resistance, or will eventually 

acquire resistance, to the effects of antiangiogenic agents. Although to date most 

studies of therapeutic resistance to anticancer drugs have focused on the role of 

tumor cells, recent studies have suggested that host factors, including tumor 

stroma, may play a role as well (32, 34-38) 

In this study, we used mouse- and human-specific profiling of human 

NSCLC xenografts in mice to investigate stromal and tumor cell alterations 

occurring in tumors with primary and acquired resistance to BV. This analysis 

revealed that modulation of angiogenesis-related genes during the development 

of the resistant phenotype in this model occurs predominantly in the stromal, and 

not tumor cell, compartment. We validated that two stromal genes, Egfr and 

Fgfr2 become upregulated during the resistant phase and, moreover, 

demonstrated that therapeutic inhibition of the EGFR signaling in BV-resistant 

tumors significantly blocked stromal changes associated with acquired 

resistance, including increased pericyte coverage, and delayed the onset of 

resistance.  
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 We studied tumor growth in two human NSCLC xenografts models in 

mice: H1975, which were initially inhibited by BV but subsequently and 

sporadically acquired resistance at times ranging from one to six months, and 

A549, which were not significantly inhibited from the onset of treatment. Human 

NSCLC cells were used to facilitate species-specific profiling to separately 

assess tumor and stroma gene expression. These particular models were 

chosen because of their differences in initial responsiveness to BV and the 

known resistance of the tumor cells to EGFR blockade (20)  which allowed us to 

assess the impact of stromal EGFR blockade.  

We observed that in the acquired resistance model (H1975) BV treatment was 

initially associated with tumor growth inhibition, a marked reduction in tumor MVD 

and an increase in tumor endothelial apoptosis after two weeks. These 

observations are consistent with data from earlier preclinical and clinical reports 

involving multiple tumor types (23, 24, 26, 39-42). Acquired resistance, however, 

was associated with a marked increase in overall MVD to levels similar to those 

of untreated tumors. Furthermore, resistance was not associated with increased 

phosphoVEGFR2. Consistent with this result, previous reports showed 

continuing molecular efficacy of the VEGFR2 signaling blockade during the 

angiogenic evasion phase in a model of pancreatic neuroendocrine tumors (15). 

Our findings, therefore, provide evidence that VEGFR2-independent 

mechanisms were contributing to the observed changes in the tumor vasculature. 

In fact, the vasculature of tumors with acquired resistance had a further, dramatic 

reduction in vessel tortuosity compared to controls, with greater pericyte 
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coverage and reduced endothelial apoptosis (“normalized revascularization”). 

Different patterns of vascular changes were observed in the A549 primary 

resistance model, with increased MVD at progression associated with greater 

vessel tortuosity and decreased pericyte coverage (“sprouting vascularization”). 

Studies have shown that the number of pericytes associated with the tumor 

vasculature has important clinical implications in that it can determine the efficacy 

of therapy (43, 44). Pericytes play key roles in maintenance of cancer 

vasculature by producing survival signaling and may provide a protective 

mechanism against antiangiogenic therapies. Our findings provide evidence that 

pericytes may play an important role in the acquisition of resistance in tumors 

that initially responded to VEGF blockade. 

Gene expression analysis showed that among the differentially modulated 

genes of tumor cells and tumor stroma associated with acquired resistance there 

is, upregulation of Egfr and Fgfr2,, as well as other members of these signaling 

pathways, such as epiregulin (Epgn), Amphiregulin (Areg), Fgf13, and Fgfbp1. A 

functional gene-interaction network analyses highlighted the EGFR pathway as a 

major set of interacting genes that were altered in resistant tumors. Alterations in 

the stromal EGFR and FGFR2 pathways in tumors with acquired resistance were 

then validated by qRT-PCR using species-specific probes, and further 

investigation revealed that in resistant tumors, increased activated EGFR was 

localized almost exclusively on VSCs consistent with pericytes. No significant 

phospho-EGFR was detectable on VSCs of control tumors. The dual inhibition of 

VEGFR/EGFR pathways reduced pericyte coverage of tumor vessels and 
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delayed tumor progression compared with BV alone. A trend towards longer PFS 

was observed with dual inhibition compared to BV alone as well. Interestingly, 

primary resistance in A549 xenografts, which was associated with a pattern of 

“sprouting vascularization”, also had increased phosphoEGFR immunoreactivity 

compared with controls but in this model it was localized almost exclusively to 

tumor endothelium, not VSCs. As expected, dual VEGFR/EGFR inhibition did not 

reduce pericyte coverage in this model, but did significantly delay the emergence 

of resistance compared with BV alone. These findings demonstrate that 

increases in stromal EGFR signaling are associated with tumor progression in 

two different models of BV resistance and that targeting the EGFR pathway is 

able to reverse changes associated with resistance (e.g. pericyte coverage) and 

delay the emergence of resistance. It also highlights that a signaling pathway 

may play different roles in tumor stroma depending on the cellular context. 

Studies examining the EGFR distribution on endothelium suggest that it is 

restricted to blood vessels supplying pathologic tissues (45), where it activates 

angiogenic programs (46). Others have reported that EGFR is activated on 

endothelium when tumor cells express EGFR ligands, such as transforming 

growth factor alpha (TGFα) or EGF (47, 48).  We localized p-EGFR to the blood 

vessels of primary resistant A549 xenografts and to the vascular supporting 

pericytes of H1975 xenografts that acquired BV-resistance. Consistent with this 

observation, a recent study found that the EGFR TKI gefitinib significantly 

suppressed tumor-associated pericyte function (49). We also found that EGFR 

blockade decreased pericyte coverage in this model. To our knowledge, this is 
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the first evidence demonstrating a potential role for EGFR signaling in pericytes 

or other stromal cells in resistance to VEGF pathway inhibitors or other 

antiangiogenic agents.   

A recent study has identified a role for PDGF-C expressed by tumor 

associated fibroblasts in VEGF inhibitor resistance (38) and in attenuating tumor 

response to anti-VEGF treatment in a model of glioblastoma (50). Somewhat 

surprisingly, we did not observe upregulation of any PDGF receptors (PDGFR) or 

ligands. In contrast, we observed a modest but statistically significant 

downregulation of stromal genes encoding PDGF-A, PDGF-B and PDGFR-β. 

Given the role of the PDGF family in multiple tumor processes, including pericyte 

recruitment and function (51, 52), it appears that pericyte-expressed EGFR may 

play a complimentary or compensatory role in the increased pericyte coverage 

observed in the acquired resistance model.   

Activation of FGF/FGFR pathway has been shown to be a critical regulator of the 

“angiogenic switch” (53) and to be upregulated in response to anti-angiogenic 

therapy (15). We observed an approximately 6-fold increase in stromal Fgfr2 

gene expression in tumors with acquired resistance and, consistent with this 

finding, an increase in the number of FGFR2-expressing cells in these tumors. 

This immunoreactivity appeared to be largely, but not exclusively, on tumor 

endothelium. This suggests that the FGFR2 pathway may promote VEGF-

independent endothelial survival as previously observed in other preclinical 

models (54, 55) although we cannot rule out the possibility that it plays a role in 

other non-endothelial stromal cells. Circulating levels of the FGFR2 ligand bFGF 
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were also elevated in the plasma of mice with BV-resistant tumors. This 

observation is notable in light of our recent observation that acquired resistance 

to chemotherapy and BV in colorectal cancer patients is associated with an 

increase in circulating bFGF (14), suggesting that similar mechanisms may be 

occurring in cancer patients.      

Other genes differentially expressed in tumors with acquired resistance 

included Thrombospondin 2 (Thbs2), a potent negative regulator of angiogenesis 

(56) and Bax, a pro-apoptotic member of the Bcl-2 family of proteins (57), which 

were both downregulated in resistant tumors. Recent studies have shown 

Amphiregulin to be involved in resistance to targeted therapy in NSCLC cells by 

promoting BAX inhibition (58). Consistent with these observations, our results 

showed an upregulation of Areg gene accompanied by downregulation of Bax in 

the stromal compartment of BV resistant tumors compared with controls. 

The mechanisms underlying regulation of tumor stromal genes altered in 

resistant tumors remains to be established and are likely to differ in the various 

stromal cell types. Expression of many of the genes, including FGFR2 (59) and 

EGFR family members and thromobspondin-2 (as well as tumor cell carbonic 

anhydrase-9), are known to be regulated by hypoxia or to correlate with 

expression of  hypoxia inducible factor 1 alpha (HIF1α), as reviewed in (60). One 

possible explanation is that BV therapy initially triggers a significant decrease in 

tumor MVD and an increase in tumor hypoxia (61), triggering upregulation of 

hypoxia-dependent pathways. It is worth noting, however, that BV resistance was 

not associated with significant increases in many stromal genes known to be 

 21



upregulated by hypoxia, and many of the genes upregulated in BV resistance are 

not known to be hypoxia-regulated. Hypoxia is likely, therefore, to be only one of 

many factors- both host- and tumor cell dependent- that are likely to be impacting 

the tumor and its microenvironment in resistant tumors.  

To date, studies of therapeutic resistance have almost exclusively focused 

on mechanisms involving tumor cells. Our findings provide evidence that there 

are substantial changes in tumor stroma associated with resistance in our 

models, and in fact a far greater number of stromal genes than tumor cell genes 

were significantly different in tumors with acquired resistance compared with 

vehicle controls. Pathway analysis implicated EGFR as a central pathway 

upregulated in resistant stroma. EGFR localization differed in the two models: in 

pericytes of highly “normalized” vessels (acquired resistance) and tumor 

endothelium (primary resistance). As expected, the addition of EGFR blockade 

reduced pericyte coverage in the acquired resistance model, and delayed the 

emergence of resistance.  

Murine xenograft models such as those used in this study have several 

limitations, such as absence of an intact immune system, and it is likely that 

different types of tumors, or tumors growing in locations (e.g. lung), may employ 

different mechanisms. Nevertheless, taken as a whole, these findings have 

important scientific and clinical implications. They demonstrate that stromal 

mechanisms can play a role- perhaps, in some cases a dominant role- in 

impacting the responsiveness of a tumor. In this regard, it is worth noting that 

stromal cells typically comprise a minority of cells in a tumor, and that detecting 
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stromal-specific changes associated with resistance (for example, endothelial 

phosphoEGFR) requires methodologies different than those in typical clinical 

use. The results also highlight a previously unappreciated role for stromal EGFR 

in therapeutic resistance, and illustrate that EGFR may play different roles in 

stroma depending on the cellular context. Effects on stromal cells may therefore 

contribute to the clinical benefit observed in patients treated with EGFR inhibitors 

even when tumors were negative for EGFR by IHC (62) or FISH (63), or did not 

contain activating mutations (64).  Finally, they suggest that approaches targeting 

stromal resistance pathways may enhance the efficacy of regimens containing 

VEGF inhibitors. It is worth noting, however, that while combinations of VEGF 

and EGFR pathway inhibition have shown promise in NSCLC (65, 66), 

therapeutic resistance nevertheless continues to emerge, indicating that 

additional resistance mechanisms remain to be uncovered.   

 

Materials and Methods 

In Vivo Studies 

All animal studies reported were approved from the local committee for animal 

care. To generate tumor xenografts, A549 and H1975 tumor cells (2.0 × 106) 

were injected in 100 μl of HBSS into the subcutaneous flank of 4 to 8 weeks old 

male athymic nude mice (NCI-nu). Body weights and tumor volumes were 

recorded twice weekly. Tumor volumes (mm3) were calculated as = п/6(a)2(b), 

where a is the smaller measurement of the tumor and b is the larger one. When 

the tumor volumes reached an average of approximately 270 mm3, mice were 
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randomly assigned to one of six treatment groups: (a) control intraperitoneal (i.p.) 

injection of vehicle (PBS) twice weekly; (b) i.p. injection of BV (10 mg/kg) twice 

weekly; (c) control, oral (p.o.) administration of vehicle daily; (d) erlotinib (100 

mg/kg) p.o. daily; (e) erlotinib p.o. daily plus BV i.p. twice weekly; (f) vandetanib 

(50 mg/kg) p.o. daily. Tumors were sacrificed due to tumor burden. Tumors were 

excised and one portion was fixed in formalin and embedded in paraffin; another 

portion was embedded in OCT (Miles, Inc., Elkhart, IN) and rapidly frozen in 

liquid nitrogen. Additional tumor sections for molecular studies were snap-frozen 

in liquid nitrogen. Staining with hematoxylin and eosin (H&E) was used to confirm 

the presence of tumor in each sample included in the analysis. For short-term 

treatment studies, tumor-bearing animals were treated for 2 weeks with vehicle 

and BV and then sacrificed. Tumor tissues were collected for 

immunohistochemical studies.   

 

RNA Microarray Analysis 

Total RNA was extracted from snap-frozen tissues using the mirVanaTM miRNA 

Isolation Kit (Ambion, Austin, TX) and 1 µg of total RNA was amplified using the 

Illumina® TotalPrep RNA Amplification Kit (Ambion) according to the 

manufacturer’s instructions. Labeled cRNA was hybridized on mouseWG-6 v2 

and human WG-6v3 Expression BeadChips (Illumina®, San Diego, CA) for 

analysis of murine and human transcriptomes. Signal intensities determined by 

streptavidin-Cy3 fluorescence were scanned with a Sherlock_1000 Array 

Scanner (Ambion). Data were analyzed using the BRB-ArrayTools Version 3.7.0 
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Beta platform developed by Dr. Richard Simon [http://linus.nci.nih.gov./BRB-

ArrayTools.html]. A log base 2 transformation was applied to the data set prior to 

data normalization. A median array was selected as the reference array for 

normalization and statistical significance was set using a p<0.01. To evaluate the 

expression of genes involved in response to hypoxia, lymphangiogenesis and 

angiogenesis in BV-resistant xenografts compared with controls, a gene list of 

269 genes used in previous publications and associated with and involved in 

these processes and was compared (67). Genes differentially expressed 

between groups were determined applying univariate t-test with estimation of the 

false discovery rate (FDR). Genes were determined using selection criteria of a 

p<0.005 and a fold-change ≥1.5. 

 

 

Determination of Microvessel Density (MVD), vessel tortuosity and pericyte 

coverage of tumor-associated blood vessels 

Tumor MVD was determined as previously described (68). In brief, we examined 

tumors microscopically to identify hot spots by low magnification (x100), and the 

mean MVD was quantified as the total number of CD31+ structures observed in a 

minimum of five microscopic fields at higher power of vision per tumor (x200). 

For each group, tumors from four different mice receiving short- and long-term 

treatment were used. As previously described (69), the tortuosity (T) of blood 

vessel was defined as T = (L/S)-1, where L is the length of the vessel of interest 

and S is the straight-line distance between its endpoints. The vessel length (L) 
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was evaluated in 4 samples for each treatment group by tracing along the midline 

of the blood vessels that showed up in a longitudinal cut within an image (100x) 

and the number of pixels was converted into distance in millimeters with Image J 

v1.34 software (NIH). 

To determine the extent of pericyte coverage on the tumor vasculature, tumor 

sections were stained for CD31 (red) and desmin (green) as described above. 

Five fields in each tumor were randomly identified at original magnification x200, 

and those blood vessels that were at least 50% covered by green-desmin 

positive cells were considered to be positive for pericyte coverage.  

 

 

Standard Methods 

Reagents, tumor cell lines and conditions, and standard techniques for qRT-

PCR, IHC, confocal microscopy and LSC are described in the Supplemental 

Data. 

 

 

Plasma bFGF Concentration Analysis 

Basic FGF levels were measured in the plasma of tumor-bearing animals by 

multiplex bead assay (BioRad, Hercules, CA; Millipore, Billerica, MA) in a 96-well 

plate according to the manufacturer’s protocol. The concentrations were 

calculated based on a standard curve derived by performing six serial dilutions of 
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a protein standard in assay diluent. Plasma samples were tested in duplicate and 

the mean value used for analysis.   

 

 

Statistics 

Statistical significance was tested using GraphPad Prism 5 software (GraphPad 

Software Inc., San Diego, CA). For comparison between two groups, Student’s t 

test and log-rank test were used. A p value < 0.05 on two-tailed testing was 

considered significant. 

 

 

Supplemental Data 

The Supplemental Data include Supplemental Experimental Procedures, 2 

supplemental tables and 4 supplemental figures. 
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Figure 1. H1975 and A549 NSCLC Xenografts Show Acquired and Primary Resistance to 
BV  
A, B. Tumor growth curves of H1975 xenografts receiving vehicle (control) and BV (n=5) for 2 
weeks (short-term treatment). 
C, D. Individual tumor growth curves of H1975 (A) and A549 (B) vehicle- and BV-treated 
xenografts. Vehicle- and BV-treated tumors are shown in black and pink, respectively. The 
median PFS in H1975 BV-resistant xenografts was 138 days compared with 7 days in the 
control group (p<0.001 BV vs. vehicle, log-rank test); in A549 BV-resistant tumors the median 
PFS was 35 days compared with 22 days in controls (p=0.16 BV vs. vehicle, log-rank test). 
 

 

 



 
 
 
Figure 2. BV Resistance Is Associated with Sustained p-VEGFR2 Inhibition and 
Decreased Endothelial Cell Apoptosis  
A. Representative IF staining of H1975 vehicle and BV-treated tumors for 2 weeks and at 
progression show p-VEGFR-2 (green) and CD31+ cells (red). Blue shows the nuclei. 
B. Human and mouse VEGFA mRNA expression in H1975 vehicle- and BV-treated tumors at 
progression using qRT-PCR (n=4, each group). Human GAPDH and mouse tubulin were used 
as housekeeping controls for human and mouse mRNA, respectively. Data were normalized 
relative to mRNA levels in vehicle-progression samples and are graphed as relative fold change 
± SEM, *p<0.05 (t-test). 
C. Representative immunofluorescent images of CD31 (red) and TUNEL (green) staining in 
H1975 xenografts after 2 weeks and at progression with vehicle and BV. Blue shows the nuclei. 
D. Percentage of apoptotic ECs quantified by IF staining, labeling the endothelial marker CD31 
and using the terminal TUNEL kit to identify apoptotic cells. The percentage of CD31+ and 
TUNEL+ cells was counted in a minimum of 5 microscopic fields (200×) in each of minimum 3 
tumor samples per each group. Data are graphed as the percentage ± SEM, *p<0.05 (t-test).  



 
 
Figure 3. BV Resistance Is Associated with Increased Expression of Stromal Genes 
Involved in Angiogenesis  
A. Stromal and human angiogenic genes differentially regulated in H1975 BV-resistant 
xenografts compared with vehicle-controls (n=3, each group). Two-sample t-test (p<0.005) with 
random variance model was applied. Exact permutation p-values for significant genes were 
computed based on 10 available permutations. Data are graphed as differences in fold change ± 
SEM of genes in BV-resistant tumors vs. controls. The dashed red line defines the fold change 
of gene expression at 1, indicating no changes in the expression of a specific gene in BV-
resistant tumors vs. controls. B. Functional pathway analysis of selected genes and their 
interaction nodes in a gene network significantly modulated between the BV-resistant and 
control xenografts mouse stroma. The network score was calculated by the inverse log of the p-
value and indicates the likelihood of focus genes in a network being found together than due to 
chance. The selected genes (Egfr, Bax and Dnajb1) and their interaction segments are 
highlighted by a blue border. Gene expression variation by at least 1.5-fold is depicted by color 
(red, upregulated; green, down-regulated; grey, no significant change). C, D. Human and mouse 
EGFR (C) and FGFR2 (D) mRNA expression in H1975 vehicle- and BV- progression xenografts 
(n=4, each group) using qRT-PCR. Human GAPDH and mouse tubulin were used as 
housekeeping controls for human and mouse mRNA, respectively. Data are normalized relative 
to mRNA levels in vehicle-progression samples and graphed as relative fold change ± SEM, 
*p<0.05 (t-test). 



 
 
Figure 4. BV Resistance Is Associated with Increased EGFR Activation on the Vascular 
Supporting Cells and the Tumor Vasculature  
A. Quantification of EGFR-expressing cells in H1975 tumors following vehicle and BV treatment 
at progression (n=4, each group), using LCS. Data are graphed as the mean ± SEM, *p<0.01 (t-
test). B. Representative IF staining of CD31 (red) and p-EGFR (green) using confocal 
microscopy in vehicle- and BV-treated H1975 (top panel) and A549 xenografts (lower panel) at 
progression (n=4, each group in both xenograft models). C. Quantification of vascular supporting 
cells (VSCs) and endothelial cells (CD31+, ECs) expressing p-EGFR in H1975 and A549 
vehicle- and BV-treated tumors at progression (n=4, each group in both the xenograft models). 
Phospho-EGFR+ cells were counted in a minimum of 5 random microscopic fields for each tumor 
sample at 200× magnification. Data are graphed as percentage ± SEM, *p<0.01, **p<0.05 (t-
test). D. Representative immunofluorescent images of p-EGFR (red) and desmin (green) 
positive staining in H1975 vehicle- and BV-treated H1975 xenografts at progression. The white 
arrow shows the overlapping of p-EGFR and desmin in BV-resistant H1975 tumors at higher 
magnification (400×). E. Quantification of desmin+ cells expressing p-EGFR in H1975 vehicle- 
and BV-treated H1975 tumors at progression. Phospho-EGFR+ cells were counted in a minimum 
of 5 random microscopic fields for each tumor sample at 200× (n=4, each group). Data are 
graphed as percentage ± SEM, *p<0.01, (t-test).  



 
 
 
Figure 5. Increase in Stromal FGFR2 Expression in H1975 BV-Resistant Xenografts  
A. Representative immunofluorescent images of CD31 (red) and FGFR2 (green) staining in 
H1975 vehicle- and BV-treated H1975 xenografts at progression, using confocal microscopy 
(200×). 
B. Quantification of FGFR2+ cells (green) counted in 5 random microscopic fields (200×; n=4, 
each group). Data are graphed as the percentage ± SEM, *p<0.01 (t-test).  
C. Basic FGF (bFGF) levels (pg/mL) were measured in the plasma of vehicle- and BV-treated 
H1975 xenografts at progression, by multiplex bead assay. Data are graphed as the mean ± 
SEM, p=0.058 (t-test). 
D. Representative IHC staining of bFGF in vehicle- and BV-treated H1975 tumors at time of 
progression (n=4, per each group). 
 
 
 
 
 
 
 



 
 

 
Figure 6. Altered patterns of tumor vascular density, tortuosity, and pericyte coverage in 
BV-resistant tumors, and impact of combined EGFR/VEGFR inhibition   
A. CD31+ staining (red) showing representative images of vasculature in H1975 (upper panel) 
and A549 (lower panel) tumors after short-term (2 weeks) treatment with BV and at progression.  
B, C. Quantification of MVD (B) and tumor vessel tortuosity (C) in the same tumors. CD31+ 
vessels were counted in 5 microscopic fields in each of 4 samples per each group at 200×., 
shown as mean ± SEM, * p<0.01, ** p<0.05 (t-test). 
D, E. Kaplan-Meier plots of PFS in H1975 (D) and A549 xenografts (E). H1975 xenografts: BV 
vs. vehicle p<0.01; BV vs. erlotinib p<0.01; erlotinib + BV vs. BV p=0.24, erlotinib + BV vs. 
vehicle p<0.01; vandetanib vs. BV p=0.295; vandetanib vs. vehicle p<0.01 (log-rank test). A549 
xenografts: BV vs. vehicle p = 0.16; BV vs. erlotinib p = 0.99; erlotinib + BV vs. BV p = 0.044; 
erlotinib + BV vs. vehicle p<0.01 vandetanib vs. BV p = 0.012; vandetanib vs. vehicle p = 0.015 
(log-rank test). 
F. Pericyte coverage in H1975 xenografts. The percentage of CD31+ vessels with at least 50% 
coverage of associated desmin+ cells was counted in 5 microscopic fields at 200× in tumors that 
progressed on the indicated treatment (n=4,  vehicle and BV groups; n=2, vandetanib group, 
and n=1, erlotinib + BV). Data are graphed as percentage ± SEM, *p<0.05 (t-test).  
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tyrosine kinase inhibitors in non-small cell lung cancer (NSCLC)  
Oral 
Novel Therapeutics and Modalities  
 
T. Cascone, M. Herynk, D. Du, H. Kadara, E. Hanrahan, M. Nilsson, H.Y. Lin, J..J. Lee, Y.-Y. 
Park, J.-S. Lee, J.V. Heymach; Houston, TX/US 
 
Body 
Background: Tyrosine kinase inhbitors (TKIs) targeting vascular endothelial growth 
factor/receptor (VEGF/VEGFR) pathway, such as cediranib (AZD2171) and the dual VEGFR-
2/EGFR inhibitor vandetanib (ZD6474) have demonstrated clinical benefit in NSCLC and other 
solid tumors. Unfortunately, while a s ubset of patients initially responds to the se agents, 
therapeutic resistance inevitably emerges. The mechanisms underlying resistance are not well 
understood, but may include incomplete inhibition of VEGFR or EGFR activation, bypass of 
these pathways through redundant expression of proangiogenic molecules, a switch in stromal 
cell dependency from VEGFR activation to alternative signaling pathways or other mechanisms. 
Therefore, there is a c ritical need f or tumoral and stromal molecular markers able to pr edict 
resistance to TKIs such as vandetanib and cediranib in NSCLC.Methods: To generate NSCLC 
xenograft models with acquired resistance to cediranib and vandetanib, A549 and H 1975 
human NSCLC cells were injected in athymic nude mice. Tumors were considered resistant to 
treatments when their volumes tripled compared to the  starting volume and were then 
sacrificed. A murine specific expression array (mouseWG-6 v2 Expression BeadChip, 
ILLUMINA) was used to evaluate changes in the stromal microenvironment to dev elop gene 
signatures indicative of ther apeutic resistance in vandetanib and c ediranib-resistant H1975 
tumors compared to s ensitive tumors (2 weeks of tr eatment) and v ehicle treated controls. 
Differentially expressed genes between the different treatment groups were selected based on a 
p<0.005 of the univariate t-test and at l east a 1.5 fold-change in expression.Results: H1975 
NSCLC xenografts initially responded to treatment with vandetanib and 33% of treated tumors 
developed resistance after a median time to progression of 210 days in the vandetanib-treated 
group compared to 7 d ays in the control group (p<0.001). In cediranib-treated tumors, 60% of 
xenografts exhibited resistance after a m edian time to progression of 250 da ys following 
treatment. In A549 xenograft model, treatment with vandetanib induced resistance in only one 
tumor after 102 days. Cediranib-induced resistance was observed in two xenograft animals after 
201 days of tr eatment. An up-regulation of s tromal Hepatocyte growth factor (Hgf) (p=0.001) 
and Vegfr-1 (p<0.001) mRNA was observed in cediranib-resistant tumors, as compared to 
sensitive tumors. In addition, an increase in stromal Hgf mRNA was observed in vandetanib-
resistant H1975 tumors (p<0.001) relative to s ensitive tumors. These interesting data are in 
accordance with our previous analysis of clinical specimens from patients with stage IIIB/IV 
NSCLC who participated in a randomized Phase 2 trial that showed HGF as a predictive marker 
for resistance to vandetanib treatment alone when compared to chemotherapy alone or the 
combination of both (p=0.004).Conclusions: Our preliminary results identify HGF and VEGFR-1 
as potential markers associated with acquired resistance to VEGFR TKIs in NSCLC, pointing to 
the HGF/MET axis and/or VEGFR-1 pathway as crucial therapeutic targets to overcome 
resistance to anti-angiogenic therapy in NSCLC. 
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Abstract 
Body:

Emergence of therapeutic resistance to angiogenesis inhibitors, the mechanisms of 
which are poorly understood, remains a major obstacle in treatment of NSCLC 
patients. Previously we reported that mechanisms governing resistance to anti-
angiogenic therapy may involve both tumor and stromal cells in the tumor 
microenvironment. In this study we investigated potential mechanisms of resistance 
to the multi-tyrosine kinase inhibitors cediranib (AZD2171, Recentin®) and 
vandetanib (ZD6474, Zactima®) using NSCLC xenografts treated either for 2 
weeks (sensitive tumors) or until resistance occurred. Quantification of TUNEL+ 
staining using laser scanning cytometry (LSC) showed increased apoptosis in 
H1975 xenografts sensitive to cediranib (p<0.01) and vandetanib (p<0.05) when 
compared with controls, whereas no changes were noticed at time of resistance. 
Microvessel density (MVD) was significantly increased in resistant H1975 
xenografts compared with controls (p<0.05) and sensitive tumors (p<0.01), whereas 
in A549 model, vandetanib-resistance was associated with an angiogenic 
independent phenotype. To investigate stromal mechanisms of Vascular Endothelial 
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Growth Factor Receptor (VEGFR) TKI resistance, we characterized the stromal 
angiogenic gene expression profiles of H1975 sensitive and resistant tumors using a 
mouse-specific gene expression array (mouseWG-6 v2 Expression BeadChip, 
Illumina®). Differentially modulated genes were selected based on a p<0.005 of the 
univariate t-test and at least a 1.5 fold-change in expression and cross-referenced to 
defined list(s) of angiogenesis-related genes. Stromal Hgf (hepatocyte growth 
factor) was up-regulated in VEGFR TKI-resistant xenografts compared to sensitive 
tumors. Hgf up-regulation was confirmed at the protein level using 
immunofluorescent staining and confocal microscopy. HGF protein levels were 
strongly decreased after 2 weeks of treatment with cediranib and vandetanib 
(p<0.01), whereas a significant increase in HGF was observed in resistant 
xenografts (p<0.01). To assess whether HGF upregulation contributes to tumor 
resistance to TKIs, we implanted HGF-overexpressing and vector control HCC827 
NSCLC cells into nude mice. In HCC827-vector control xenografts, cediranib 
inhibited tumor growth by 93%, whereas a 60% of growth inhibition was observed 
in HGF-overexpressing tumors. These data agree favorably with our previous 
analysis of clinical specimens from patients with stage IIIB/IV NSCLC that 
identified HGF as a predictive marker of resistance to vandetanib treatment alone 
when compared to chemotherapy or the combination of chemotherapy and 
vandetanib (p=0.033). Our results suggest that HGF up-regulation may resistance to 
VEGFR pathway inhibition and that the HGF/MET axis may represent a crucial 
target for NSCLCs that are resistant to anti-angiogenic therapy. 
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Abstract: 
Background: Patients (pts) with chemorefractory non-small cell lung cancer (NSCLC) have few 
options for effective treatment. BATTLE is a hypothesis-driven prospective study that identifies 
biomarkers (BMs) to predict tumor response and thus may help select personalized therapy for 
lung cancer pts.  
Methods: Pts enrolled in this phase II adaptively randomized study required fresh core needle 
biopsy specimens to test 11 BMs performed in our research lab from 4 NSCLC molecular 
pathways: EGFR, KRAS, and BRAF mutation (M) (by PCR), EGFR and Cyclin D1 copy number 
(by FISH), and VEGF, VEGFR, 3 RXR receptors and Cyclin D1 (by IHC). Based on eligibility 
criteria and tumor BM analyses, pts were adaptively randomized into treatments: erlotinib (E) 150 
mg qd; sorafenib (S) 400 mg bid; vandetanib (V) 300 mg qd; E 150 mg + bexarotene (B) 400 
mg/m2 qd. Pts with prior E were randomized only between S and V. The primary endpoint was 8-
week disease control (DC). 
Results: From 11/06 to 10/09, 255 pts were randomized to E (59 pts), V (54 pts), EB (37 pts), S 
(105 pts). Demographics: Median age 62 yrs (26-84); male 54%; ECOG PS 0-1 86%, PS 2 14%; 
Caucasian 82%, Asian 5%, other 13%; never/former/current smokers 22%/69%/9%; 
adenocarcinoma 63% squamous cell 18%, NSCLC NOS 19%; prior E 45%, median prior 
therapies for metastatic NSCLC: 2 (range 1-9); prior brain metastases 33%. 244 pts were 
evaluable for 8 wk DC. All 11 BMs were assessable in 215 pts. Biopsy sites were lung 55%, 
liver/adrenal 19%, other 26%. Pneumothorax incidence was 11.5%, and 6.5% of pts had 
treatment-related grade 3-4 toxicity. EGFR status included M in 15%, FISH amplification (A) in 
16% and high polysomy in 28%; Other BMs were KRAS M in 20%; VEGF/R2 staining in 83%; 
RXR alpha nuclear staining in 79%; Cyclin D1 staining in 53%. Overall DCR at 8 weeks was 46%, 
median overall survival (OS) was 9 months, 1 year survival was 39%, and progression-free 
survival (PFS) was 1.9 months. Better DC was seen with EGFR M for E (p=0.04); Cyclin D1 IHC 
positivity (IHC+) (p=0.011) and EGFR FISH A (p=0.006) for E + B; VEGFR2 IHC+ for V (p=0.05); 
and absence of EGFR M (p=0.012) or high polysomy (p=0.048) for S. Pts with both EGFR M and 
FISH A had 100% DC (n=6) with E and 0% DC (n=6) with S. Pts with KRAS M tended to respond 
better with S (8-wk DC 61%) compared to other three regimens (8-wk DC 32%) (P=0.11). Pts 
with mutant KRAS Cys amino acid (aa) substitution had worse OS (all pts) and PFS (S-treated 
pts) compared to pts with wild type or all other KRAS aa substitutions (p=0.015 and p=0.013).  
Conclusions: BATTLE is the first completed biopsy-mandated study in pretreated NSCLC. Our 
pre-specified hypotheses regarding BMs and targeted treatment were confirmed. Identifying 
proper BMs for a favorable population is a step towards personalizing therapy. BATTLE 
establishes a new paradigm to investigate BMs and molecularly targeted treatments in lung 
cancer pts. DoD W81XWH-6-1-0303  
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Abstract P-9174: Phase II study of everolimus plus erlotinib in previously treated 
patients with advanced non-small cell lung cancer (NSCLC)  
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Background: Everolimus (RAD001) is an oral mTOR inhibitor that has been 
evaluated as monotherapy in a phase II study of NSCLC patients previously treated 
with platinum-based chemotherapy, with evidence of some activity (ASCO 2007, 
Abstract 7589). Erlotinib is an oral epidermal growth factor receptor-tyrosine kinase 
inhibitor that is approved as second-line therapy for advanced/metastatic NSCLC. 
The present phase I/II study is evaluating the combination of everolimus and 
erlotinib in patients with advanced NSCLC who had progressed after ≤2 prior 
chemotherapy regimens (NCT00456833). Phase I results were promising and 
establish a feasible dose of everolimus in combination with erlotinib (ASCO 2008, 
Abstract 8051). 
Materials and Methods: This ongoing, randomized phase II study includes patients 
with advanced NSCLC whose disease progressed following ≤2 prior chemotherapy 
regimens. Other inclusion criteria are WHO performance status ≤1 and adequate 
liver and bone marrow function. Patients are randomized to receive erlotinib 
150 mg/day orally or everolimus 5 mg/day plus erlotinib 150 mg/day orally until 
disease progression or unacceptable toxicity. Survival data will be collected every 2 
months following the end of treatment until all patients discontinue from the study. 
The primary study endpoint is disease control rate (ie, the proportion of patients with 
stable disease or response at their 3-month evaluation). Other endpoints include 
overall response, progression-free survival safety, pharmacokinetics, and molecular 
markers. 
Results: As of April 2009, 133 patients have been randomized, with 60 patients 
included in the planned interim analysis. Preliminary safety data suggest no new 
safety concerns with the combination of everolimus plus erlotinib. 
Conclusion: The planned interim analysis of this trial is ongoing; full results of the 
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interim analysis will be presented at the meeting. Results of this study will provide 
useful data on the efficacy and safety of everolimus in combination with erlotinib in 
patients with advanced NSCLC who have received prior chemotherapy; there is an 
urgent need to improve treatment options for these patients. 
Acknowledgment: This study is supported by Novartis Pharmaceuticals 
Corporation.  
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Abstract 
Background and aim: Oncogenically mutated epidermal growth factor receptor (EGFR) is a 
validated therapeutic target for non-small cell lung cancer (NSCLC) and activation of the EGFR 
signaling pathway by somatically acquired EGFR mutations is known to play a critical role in 
lung cancer development. Using multiple tumor datasets, our aims were to develop an EGFR 
mutation mRNA expression signature from human lung adenocarcinomas to aid in developing 
personalized medicine for targeting EGFR in NSCLC, to characterize the downstream events of 
EGFR signaling associated with EGFR mutation, and to determine if mRNA signatures 
associated with EGFR mutations in NSCLC lines were maintained in tumor specimens. Material 
and methods: We performed lung adenocarcinoma (N = 195) mRNA expression profiling using 
several microarray platforms and determined the presence of tumor EGFR mutations in by 
sequencing tumor cDNAs or DNAs and also performed similar studies on 53 NSCLC cell lines.  
The tumor sets were from University of Hong Kong, University of Michigan Comprehensive 
Cancer Center, Memorial Sloan Kettering Cancer Center, and The University of Texas M.D. 
Anderson Cancer Center (BATTLE I trial).  In addition, gefitinib and erlotinib drug response 
phenotypes were performed on the NSCLC lines by in vitro testing.  Training and testing sets 
and cross validation were used to test and evaluate the mRNA signature model. Results: We 
developed a 93 gene signature that was consistently associated with EGFR mutation in multiple 
different datasets including validation in the BATTLE I tumor set of chemotherapy refractory 
advanced stage NSCLCs.  In addition, the EGFR mutation signature of NSCLC lines and 
tumors were preserved. In leave-one-out cross validation tests using the training set, the 
misclassification rate was found to be 23%. Prediction accuracy of the signature was further 
evaluated in 2 independent data sets using receiver operating characteristic curves. The area 
under the curve was 0.95 (p-value=2.2e-06) for the NSCLC cell lines set of 53 samples, and 
0.67 (p-value=0.014) for 100 human tissue samples collected from our recent BATTLE (ES Kim, 
ASCO 2009) clinical trial in chemotherapy-refractory NSCLC patients. We also found that the 



signature was correlated with drug sensitivity to erlotinib (R=-0.52, p-value=3.3e-04) and 
gefitinib (R=-0.59, p-value=3.2e-05) in the NSCLC cell lines. Furthermore, the signature was 
found to be associated with survival in the Director’s Challenge dataset of 442 
adenocarcinomas. Using gene set enrichment analysis (GSEA) we found gene sets associated 
with endocytosis and vesicle recycling to be upregulated in EGFR mutant tumors, while mitotic-
related genes were down regulated. Conclusion: We have identified an EGFR mutation 
signature developed from human adenocarcinomas from previously-untreated NSCLC patients 
that was significantly associated with EGFR mutations in an independent cohort of 
chemotherapy-refractory NSCLC patients. This signature also provided prognostic information 
in resected lung adenocarcinomas. In addition, the gene signature identified in clinical samples 
was also associated with EGFR TKI response in NSCLC cell lines and identifies genes whose 
expression are altered in EGFR mutated tumors including those involved in endocytosis and 
mitosis. These data suggest that an EGFR mutation signature may provide predictive value and 
biological insights into EGFR inhibitor-responsive in lung adenocarcinomas. 
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Abstract 
Body:

Background: Primary or acquired resistance to platinum-based therapy remains an 
important issue in the treatment of unresectable non-small cell lung cancer 
(NSCLC). Our objective was to identify factors of resistance to platinum-based 
therapy. Experimental procedures: Gene expression profiling from the BATTLE 
program (pretreated resistant tumors stage III/IV, N=32) and a control group from 2 
independent publicly available datasets (never treated tumors stage III/IV, N=45) 
were compared. Gene expression profiling was generated using the same platform 
(U133 Plus 2.0 Array). Pathway and gene set analyses were used to define networks 
and pathways associated with resistance. For validation, we used: i-an independent 
set of 38 never treated NSCLC stage III/IV, ii-a set of 53 NSCLC cell lines tested 
for cisplatin sensitivity with proteomic profiling generated by Reverse Phase 
Protein Array (RPPA) technology using 177 well-characterized antibodies, iii-the 
comparison of two pairs of NSCLC cell lines (H1437, H460) that were made 
resistant by iterative exposure to cisplatin, and iv-transfection experiments. Results: 
A total of 3,963 probesets were found to be differentially expressed between 
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BATTLE samples and the control group with a p-value < 0.001 (two-tailed t-test). 
DNA repair gene sets were upregulated in BATTLE samples compared to never 
treated tumors. Network analysis found that MYC as well as many of its 
downstream regulated genes were significantly downregulated in BATTLE 
samples. In particular, a high proportion of MYC target genes associated with 
apoptosis were downregulated. Using real time PCR, MYC gene expression was 
significantly lower in 15 BATTLE samples compared with an independent set of 38 
never treated stage III/IV NSCLC (p-value=0.01). The proteomic profiling of 53 
NSCLC cell lines showed that MYC expression was one of the top proteins 
associated with sensitivity to cisplatin. An inverse correlation was observed 
between sensitivity to cisplatine (IC50) and MYC protein expression evaluated by 
RPPA (total MYC: r=-0.41, p-value=0.003; phosphorylated MYC: r=-0.30, p-
value=0.03). MYC gene expression by real time PCR was lower in resistant H1437 
and H460 cell lines compared to parental cell lines. Finally, transfection of H226 
cell lines with a vector expressing MYC improved sensitivity to cisplatin compared 
to the control. Conclusion: This is the first gene expression profiling analysis of 
NSCLC samples pretreated and resistant to chemotherapy included in a prospective 
clinical trial. MYC down regulation may play an important role in NSCLC 
resistance to platinum-based chemotherapy. Mechanisms of MYC down regulation 
should be further explored. 
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